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ABSTRACT 

The a p p l i c a t i o n  of  e x c i m e r  l a s e r  i n  t h e  f a b r i c a t i o n  o f  
p h o t o v o l t a i c  d e v i c e s  h a s  b e e n  i n v e s t i g a t e d  e x t e n s i v e l y .  
P r o c e s s e s  i n c l u d e d  j u n c t i o n  f o r m a t i o n ,  l a s e r  a s s i s t e d  CVD 
m e t a l l i z a t i o n ,  a n d  l a s e r  a s s i s t e d  CVD s u r f a c e  p a s s i v a t i o n .  
R e s u l t s  demonstrated t h a t  implementation of j u n c t i o n  format ion  by 
l a s e r  a n n e a l i n g  i n  p r o d u c t i o n  i s  f e a s i b l e  because of excellent 
c o n t r o l  i n  j u n c t i o n  dep th  and  q u a l i t y .  Both m e t a l l i z a t i o n  and  
s u r f a c e  p a s s i v a t i o n ,  however ,  were found  i m p r a c t i c a l  t o  be 
cons idered  f o r  manufacturing a t  t h i s  s t a g e .  
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SECTION 1.0 
INTRODUCTION AND SUMMARY 

The o b j e c t i v e  of t h e  o v e r a l l  program d e s c r i b e d  i n  t h i s  r e p o r t  was 
t o  d e v e l o p  a s o l a r  c e l l  process  sequence t h a t  i n c o r p o r a t e s  three 
p r o c e s s  s t e p s  which  use p u l s e d  exc imer  l a s e r s ,  t o  v e r i f y  t h a t  
t h i s  s e q u e n c e  y i e l d s  h igh  e f f i c i e n c y  c e l l s  a t  a low c o s t ,  and t o  
document t h e  f e a s i b i l i t y  of  c a r r y i n g  t h i s  t e c h n o l o g y  f rom t h e  
l a b o r a t o r y  bench s c a l e  t o  f a c t o r y  scale. The three p r o c e s s  s t e p s  
a r e :  j u n c t i o n  f o r m a t i o n ,  s u r f a c e  p a s s i v a t i o n ,  a n d  f r o n t  
m e t a l l i z a t i o n .  S ince  t h e  processes  chosen f o r  i n v e s t i g a t i o n  have 
been d e s c r i b e d  p r e v i o u s l y  i n  t h e  l i t e r a t u r e ,  t h e  p rogram w a s  
i n t e n d e d  t o  be an a p p l i c a t i o n  s tudy  i n s t e a d  of a r e s e a r c h  s tudy .1  
I t  was found, however, t h a t  many d i f f e r e n t  p a r a m e t e r s  had  t o  b e  
i n v e s t i g a t e d .  A s  a r e s u l t ,  t h e  e x p l o r a t o r y  exper imenta l  ma t r ix  
covered here was f a r  more ex tens ive  than  o r i g i n a l l y  planned. 

For t h e  j u n c t i o n  f o r m a t i o n  p r o c e s s  s t e p ,  dopant  a p p l i c a t i o n  by 
both ion-implant  and spin-on t echn iques  was s t u d i e d ,  u s ing  w a f e r s  
t h a t  w e r e  e i t h e r  t e x t u r e  e t c h e d  o r  c h e m i c a l - m e c h a n i c a l l y  
p o l i s h e d .  The  p u l s e d  exc imer  l a s e r  was used  t o  d r i v e  i n  t h e  
dopan t ,  annea l  damage ou t  of t h e  s i l i c o n ,  and a c t i v a t e  t h e  dopant 
i n  t h e  j u n c t i o n .  For  t h e  s u r f a c e  p a s s i v a t i o n  p r o c e s s  s t e p ,  a 
t h i n  o x i d e  l a y e r  was d e p o s i t e d  on t h e  s i l i c o n  su r face  u s i n g  
excimer l a s e r - a s s i s t e d  c h e m i c a l  v a p o r  d e p o s i t i o n .  F o r  t h e  
m e t a l l i z a t i o n  p r o c e s s  s t e p ,  narrow m e t a l l i c  l i n e s  were d e p o s i t e d  
on t h e  s i l i c o n  s u r f a c e  u s i n g  excimer l a s e r - a s s i s t e d  c h e m i c a l  
vapor d e p o s i t i o n  and photodecomposition of metal l ic  gases .  

Two e x p e r i m e n t a l  f a c i l i t i e s  were assembled ,  o n e  f o r  j u n c t i o n  
f o r m a t i o n  and one f o r  l aser  chemical vapor d e p o s i t i o n  (CVD) .  The  
j u n c t i o n  format ion  p rocess  used a n  X e C l  l a s e r  a t  308  nm, a beam 
h o m o g e n i z e r  , a n d  a c o m p u t e r  c o n t r o l l e d  x-y m o t o r i z e d  t a b l e  
assembly t h a t  moved t h e  wafer. The l a s e r  CVD p r o c e s s e s  u sed  a n  
ArF l a s e r  a t  1 9 3  nm, a n  o p t i c a l  m i r r o r  and l i n e  f o c u s  assembly 
t h a t  t r a v e l e d  on a n  x-y motorized t a b l e ,  and  a s t a t i o n a r y  wafer 
p r o c e s s  chamber and g a s  handl ing system. Gases s t u d i e d  were WF6 
a n d  A l ( C H 3 )  3 f o r  m e t a l l i z a t i o n ,  a n d  S i H 4  p l u s  N 2 0  f o r  
p a s s i v a t i o n .  A l i q u i d  s p i n - o n  m a t e r i a l ,  s i l v e r  n e o d e c a n o a t e ,  
a l s o  was i n v e s t i g a t e d  i n  t h e  l aser  m e t a l l i z a t i o n  p r o c e s s  s tudy .  
A l l  of t h e  equipment ope ra t ed  s a t i s f a c t o r i l y .  

T h e  p r i n c i p a l  q u e s t i o n  s t u d i e d  i n  t h e  l a s e r  j u n c t i o n  a n n e a l i n g  
exper iments  was how t o  produce a un i fo rm,  s h a l l o w  j u n c t i o n  t h a t  
was f u l l y  a c t i v a t e d  and  had no r e s i d u a l  deep c r y s t a l  damage o r  
s u r f a c e  damage and was not  contaminated by i m p u r i t i e s .  T h i s  h i g h  
q u a l i t y  j u n c t i o n  r e q u i r e d  a u n i f o r m  l a s e r  beam, optimum laser 
p u l s e  d u r a t i o n  (25 t o  3 0  n s e c ) ,  50% beam o v e r l a p  i n  b o t h  t h e  x 
a n d  y d i r e c t i o n s  t o  o v e r c o m e  e f f e c t s  o f  l a s e r  beam e d g e  
n o n u n i f o r m i t i e s ,  and a n  energy d e n s i t y  of 1 . 5  J/cm2, w i t h  l i t t l e  
o v e r l a p  m a r g i n  on e i t h e r  s i d e .  A l s o ,  t h e  w a f e r s  h a d  t o  b e  
h a n d l e d  v e r y  c a r e f u l l y  t o  keep them ext remely  clean and f r ee  of 
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d u s t  b e f o r e  and d u r i n g  l a s e r  p r o c e s s i n g .  

I t  was conc luded  f rom t h e s e  i n v e s t i g a t i o n s  t h a t  e x c i m e r  l a s e r  
j u n c t i o n  a n n e a l i n g  can  be a p p l i e d  t o  l a r g e  a r e a  w a f e r s  and y i e l d  
h i g h  e f f i c i e n c y  s o l a r  c e l l s  (15 .5% t o  1 6 . 0 %  o n  2 c m  b y  2 c m  
c e l l s ) ,  However, much c a r e  i s  r e q u i r e d  i n  p r o c e s s i n g  t o  p r e v e n t  
t h e  mol ten  wafer s u r f a c e  f rom b e i n g  c o n t a m i n a t e d  o r  d i s t o r t e d ,  
making t h i s  p rocess  s t e p  t o o  c o s t l y  f o r  a f a c t o r y  p rocess .  

The p r i n c i p a l  q u e s t i o n  s t u d i e d  i n  t h e  l a s e r  CVD m e t a l l i z a t i o n  
e x p e r i m e n t s  was how t o  d e p o s i t  t h e  d e s i r e d  material  s o  t h a t  it 
was bonded t o  t h e  s u b s t r a t e ,  d i d  n o t  a f f e c t  t h e  u n d e r l y i n g  
j u n c t i o n ,  and was d e p o s i t e d  r a p i d l y  enough t o  be economical i n  a 
f a c t o r y  p r o c e s s .  G r i d l i n e s  o f  b o t h  W a n d  A 1  t h a t  were a b o u t  
l O O O f i  t h i c k  were s u c c e s s f u l l y  d e p o s i t e d ,  and some of t h e s e  pas sed  
t h e  tape adherence tes t .  However, a n a l y s i s  of t h e  d e p o s i t s  u s i n g  
Auger s p e c t r o s c o p y  r e v e a l e d  t h a t  b o t h  t h e  W a n d  A 1  d e p o s i t s  
c o n s i s t e d  of m e t a l  o x i d e s .  I n  a d d i t i o n ,  t h e  p r o c e s s  t i m e  o f  
l O O O f i  per m i n u t e  per g r i d l i n e  was d e f i n i t e l y  n o t  a d a p t a b l e  f o r  
p roduc t ion .  

S i m i l a r  t o  l a s e r - a s s i s t e d  m e t a l l i z a t i o n ,  t h e  o b j e c t i v e  of t h e  
s u r f a c e  p a s s i v a t i o n  s t u d y  was t o  d e p o s i t  s i l i c o n  o x i d e  f i l m  o n t o  
s i l i c o n  s o l a r  c e l l s  i n  o r d e r  t o  improve t h e  V0c by d e a c t i v a t i n g  
t h e  s u r f a c e  s t a t e s .  Main concerns  i n c l u d e d  t h e  d e p o s i t i o n  r a t e ,  
p u r i t y  o f  t h e  f i l m ,  a d h e s i o n ,  a n d  e f f e c t  o n  p a s s i v a t i o n .  
S a t i s f a c t o r y  r e s u l t s  were o b t a i n e d  i n  a l l  a r e a s  e x c e p t  t h a t  t h e  
d a t a  were i n s u f f i c i e n t  t o  p rove  e f f e c t i v e n e s s  i n  p a s s i v a t i o n ,  a 
t o p i c  t h a t  i s  l i k e l y  t o  respond t o  f u t u r e  i n v e s t i g a t i o n .  
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SECTION 2.0 
SELECTION OF PROCESS SEQUENCE 

T h r e e  p a r a l l e l  p r o c e s s e s  were  u s e d  i n  t h e  e a r l y  s t a g e  o f  t h e  
p rogram:  o n e  w i t h  i o n  i m p l a n t a t i o n  a s  t h e  d o p a n t  s o u r c e ,  t h e  
o t h e r  w i t h  spin-on l i q u i d  dopant ( F i g .  2-11 . P- type  s u b s t r a t e s  
g r o w n  i n - h o u s e  were p r e d o m i n a n t l y  u s e d  b e c a u s e  o f  t h e i r  
a v a i l a b i l i t y ,  t h e i r  w e l l - c h a r a c t e r i z e d  p r o p e r t i e s ,  a n d  b e c a u s e  
t h e y  r e p r e s e n t e d  t y p i c a l  p roduc t ion  q u a l i t y  subs t r a t e  material. 
Both n-type and p-type Czochra lsk i  s u b s t r a t e s  were u s e d  based  o n  
3 - i n .  a n d  4- in .  round  s l i c e s  a s  w e l l  a s  4- in .  squares. F l o a t  
z o n e  m a t e r i a l  was a l s o  u s e d  o c c a s i o n a l l y  a s  a c o n t r o l  sample 
material. 

NaOH Etch NaOH Etch Chem-Mech P o l i s h e d  

J 
Ion Implant 

J 
Spin-On Dopant 

I I 
I I 
I I 

J 
Lase r Annea 1 

J 
Laser Anneal 

J 
M e t a l l i z e  

J 
T e s t  

J 

J 
Metallize 

T e s t  

F i g .  2-1. Laser a n n e a l i n g  p r o c e  
s t a g e s  of t h e  program. 

J 

J 

J 

J 

J 

Ion  Implant  

Cleaning  

Laser  Anneal 

Metal1 i z e  

T e s t  

e q u e n c e s  u s e d  i t h ,  e a r l y  

A f t e r  a ser ies  of exper iments  u s ing  l i q u i d  dopant  s o u r c e s  w i t h o u t  
promis ing  r e s u l t s ,  t h e  p r o c e s s  was d i s c o n t i n u e d .  I n s t e a d ,  i o n  
i m p l a n t a t i o n  was s u b s t i t u t e d  f o r  n+ d e p o s i t i o n  on  mechan ica l ly  
p o l i s h e d  wafers a s  basel ine experiments .  

Opt imized  laser  annea l ing  parameters  were d e r i v e d  by a n  i t e r a t i v e  
method. Variables i n c l u d e  laser e n e r g y  d e n s i t y ,  p u l s e  d u r a t i o n  
t i m e ,  beam u n i f o r m i t y  o v e r l a p  p e r c e n t a g e ,  a n d  s u b s t r a t e  
t e m p e r a t u r e .  Wafer c l e a n i n g  a n d  c e l l  f a b r i c a t i o n  f o l l o w e d  
c o n v e n t i o n a l  m e t h o d s ,  such  a s  o r g a n i c  s o l u t i o n  r i n s e s ,  a c i d  
r i n s i n g ,  and evapora t ed  c o n t a c t s .  

I n  t h e  l a t e r  s t a g e s  o f  t h e  p r o g r a m ,  l a s e r - a s s i s t e d  p a t t e r n  
w r i t i n g  f o r  f r o n t  g r i d  l i n e s  a n d  s u r f a c e  o x i d e  g r o w t h  f o r  
p a s s i v a t i o n  were i n v e s t i g a t e d .  The  s e c o n d  p h a s e  o f  t h e  l aser  
a n n e a l i n g  p r o c e s s  is shown i n  F i g .  2-2. 
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SECTION 3 . 0  
LASER PROCESS EXPERIMENTAL DETAILS 

Two l a s e r  f a c i l i t i e s  were u t i l i z e d  f o r  t h e  excimer l a se r  p r o c e s s  
s t u d i e s .  O n e  f a c i l i t y  w a s  b a s e d  o n  a s m a l l - s c a l e  
c o m m e r c i a l l y - a v a i l a b l e  l a s e r ,  t h e  E X C - 1  p r o d u c e d  by  
Spec t r a -Phys ic s ,  t h a t  provided a b o u t  20 m J  p e r  pu lse  a t  308 nm o r  
a t  193  nm a t  r e p e t i t i o n  r a t e s  up t o  1 0 0  Hz. The second f a c i l i t y ,  
used o n l y  f o r  l aser  a n n e a l i n g  s t u d i e s ,  was based on a l a r g e  sca le  
x - ray  p r e i o n i z e d  d i s c h a r g e  l a s e r  t h a t  p rov ided  1.5 J per p u l s e ,  
b u t  was l i m i t e d  t o  a l o w - r e p e t i t i o n  r a t e  o f  a b o u t  3 0  p u l s e s  p e r  
h o u r .  Both l a s e r  f a c i l i t i e s  were equipped w i t h  x-y t r a n s l a t i o n  
t ab le s  f o r  wafer  motion and with d i a g n o s t i c s  t o  d e t e r m i n e  l a s e r  
p u l s e  energy  and waveform. The  pulse d u r a t i o n  of  t h e  small l aser  
was v a r i e d  f r o m  6 n s e c  t o  4 0  n s e c ,  w h e r e a s  t h a t  o f  t h e  l a r g e  
l a s e r  was a b o u t  90  nsec.  The beam s i z e  of t h e  small laser  was 1 
cmxl c m  squa re ,  which was reduced o p t i c a l l y  t o  a b o u t  1 m m x l  mm 
f o r  l a s e r  a n n e a l e d  j u n c t i o n  f o r m a t i o n ,  a n d  t o  1 cmx0.l mm f o r  
l aser  CVD m e t a l l i z a t i o n .  The beam s i z e  of t h e  l a r g e  l a s e r  was 3 
cmx3 c m  and  was r e d u c e d  o p t i c a l l y  t o  a b o u t  1 cmxl c m  f o r  l a se r  
a n n e a l i n g .  

3.2 

The i n i t i a l  l a y o u t  of t h e  l a b o r a t o r y  area f o r  t h e  s m a l l  l a s e r  i s  
shown i n  F i g .  3-1. Two p r o c e s s i n g  s t a t i o n s  a r e  s h o w n ,  t h e  
e x c i m e r  l a s e r  a n n e a l i n g  f a c i l i t y ,  and t h e  l a se r  p h o t o d e p o s i t i o n  
f a c i l i t y  t h a t  was used f o r  s u r f a c e  p a s s i v a t i o n  a n d  f i n e  g r i d  
m e t a l l i z a t i o n  s t u d i e s .  A f i v e  f o o t  s q u a r e  e x h a u s t  hood was 
i n s t a l l e d  a s  w e l l  a s  a s e p a r a t e  e x h a u s t  p o r t  t o  v e n t  e x h a u s t  
g a s e s  f rom t h e  S c r u b b e r ,  from t h e  e x c i m e r  l a s e r ,  and  from t h e  
l aser  a n n e a l i n g  p r o c e s s  s t a t i o n .  The s c r u b b e r ,  t h e  low p res su re  
p r o c e s s  chamber ,  t h e  g a s  c a b i n e t ,  a n d  t h e  c o n t r o l  c o n s o l e  were 
b u i l t  d u r i n g  t h e  cour se  of t he  p r o j e c t .  

The i n i t i a l  l a b o r a t o r y  l a y o u t  f o r  t h e  sma l l  excimer l aser  shown 
i n  F i g .  3-1 was mod i f i ed  s e v e r a l  times throughout  t h e  program t o  
accommodate  p l a c e m e n t  of  o p t i c a l  components between t h e  excimer 
l a s e r  a n d  t h e  wafer l o c a t i o n .  The o p t i c a l  a r r a n g e m e n t s  a r e  
descr ibed i n  S e c t i o n  3.3. 

A h i g h  e n e r g y  x-ray p re ion ized  excimer laser ,  l o c a t e d  i n  a n o t h e r  
l a b o r a t o r y ,  a l s o  was used f o r  e x p e r i m e n t s  o n  l a s e r  a n n e a l e d  
j u n c t i o n  f o r m a t i o n .  The l a s e r  was d e s i g n e d  f o r  e x p e r i m e n t a l  
r e s e a r c h  on v a r i o u s  excimer l a s e r s ,  and was a d a p t e d  t o  t h e  l a s e r  
a n n e a l i n g  e x p e r i m e n t s  r e p o r t e d  h e r e  w i t h  minimal changes.  The 
l a b o r a t o r y  se t -up  f o r  t h e  l a r g e  l a se r  i s  shown s c h e m a t i c a l l y  i n  
F i g .  3-2. 
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Fig. 3-1. I n i t i a l  l a b o r a t o r y  arrangement f o r  excimer l a s e r  
process ing  of s i l i c o n  wafers .  

The  l a s e r  and e n e r g y  s t o r a g e  s u p p l i e s  occupied t h e  c e n t r a l  a r e a  
of t h e  room. The c o n t r o l  p a n e l s  and s c r e e n  room f o r  d i a g n o s t i c s  
were l o c a t e d  w e l l  away from t h e  r e g i o n s  of high v o l t a g e ,  high g a s  
p r e s s u r e ,  and h i g h  l a s e r  i n t e n s i t y .  R e g u l a r  m o n i t o r i n g  of  t h e  
x- ray  g e n e r a t i o n  by t h e  d e v i c e  was done i n  o r d e r  t o  ma in ta in  a 
s a f e  working environment f o r  personnel .  The o u t p u t  of t h e  l a s e r  
was t r a n s p o r t e d  t o  t h e  x-y t r a n s l a t i o n  t a b l e  by a d i e l e c t r i c  
coa ted  UV r e f l e c t i v e  mi r ro r  t h a t  p e r m i t t e d  passage  and r e t u r n  of 
a H e - N e  al ignment l a s e r .  

The  e x c i m e r  l a s e r  d i s c h a r g e  chamber was made of L u c i t e  w i t h  a 
Tef lon  l i n e r ,  s u p p o r t i n g  two aluminum e l e c t r o d e s .  O n e  O f  t h e  
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e l e c t r o d e s  was m i l l e d  ve ry  t h i n  (-1.5 mm) t o  t r a n s m i t  x-rays w i t h  
v e r y  l i t t l e  l o s s .  The e l e c t r o d e s  were  p u l s e  c h a r g e d  t o  j u s t  
below t h e  s e l f - b r e a k  v o l t a g e ,  and t h e  x-ray p r e i o n i z e r  a c t e d  a s  
t h e  s w i t c h ,  i o n i z i n g  t h e  l a s e r  g a s  and caus ing  v o l t a g e  breakdown. 
A d i e l e c t r i c  p u l s e  f o r m i n g  l i n e  t h e n  p r o v i d e d  c u r r e n t  t o  t h e  
d i s c h a r g e  a t  i t s  s e l f - s u s t a i n i n g  v o l t a g e  f o r  about  75 nsec.  The 
d i s c h a r g e  volume was 75  c m  long by 4 c m  between e l e c t r o d e s  by 3.5 
c m  w i d e .  The l a s e r  chamber i n c l u d e d  4 ”  d i a m e t e r  A R  c o a t e d  
windows a t  e a c h  end. An e x t e r n a l  20  m r a d i u s  of c u r v a t u r e  t o t a l  
r e f l e c t o r  and a 3 0 %  r e f l e c t i v e  f l a t  o u t p u t  c o u p l e r  formed t h e  
o p t i c a l  c a v i t y .  To p r o v i d e  s h a r p  beam e d g e s ,  a r e c t a n g u l a r  
a p e r t u r e  was l o c a t e d  a d j a c e n t  t o  t h e  o u t p u t  coup le r .  

A f o c u s i n g  l e n s  was p o s i t i o n e d  t o  fo rm a n  image of  t h e  l a s e r  
a p e r t u r e  a t  t h e  wafer ,  and t o  provide  a s i z e  r e d u c t i o n  of about  3 
t o  1. T h e  l e n s  could  be ad jus t ed  a x i a l l y  t o  vary  t h e  s p o t  s i z e ,  
t he reby  p rov id ing  v a r i a t i o n  i n  energy d e n s i t y  on t h e  wafer .  

1 

d 

n3 

Hain Discharqe 
Tank ( 3 0  Kv) 

Motion 
ontroll c 

I 
6 

q: l lax  R Bendinq nirrOC 
n2: output Coupler Mirror 
143: HR Mirror 

PD: photodiode 
L ~ :  Plano-convex Innme 1 

T: x-y Table and wafer holder 
nq,n5: tiendinq Nirrors 

Fig. 3-2. Laboratory l ayou t  f o r  l a r g e  excimer l a s e r  
annea l ing  process .  
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S i n c e  t h e  l a r g e  l a se r  was o r i g i n a l l y  f a b r i c a t e d  f o r  s i n g l e  p u l s e  
e x p e r i m e n t s  t h e  c o n s t r u c t i o n  m a t e r i a l s  l i m i t e d  t h e  g a s  l i fe t ime.  
The l a s e r  o u t p u t  r ema ined  c o n s t a n t  ( w i t h i n  1 0 % )  f o r  a b o u t  3 0  
p u l s e s ,  b e f o r e  r e q u i r i n g  rep lacement  of a p o r t i o n  of t h e  g a s  t o  
b r i n g  t h e  energy p e r  p u l s e  back t o  i t s  o r i g i n a l  v a l u e .  A p e r i o d  
o f  1 t o  2 m i n u t e s  was requi red  t o  r echa rge  t h e  e l ec t r i ca l  power 
s u p p l i e s  between l a s e r  p u l s e s .  

T h e  l a r g e  l a s e r  p r o c e s s i n g  s t a t i o n  u s e d  a t w o - a x i s ,  DC moto r  
d r i v e n  t a b l e  t h a t  h e l d  t h e  wafer  v e r t i c a l l y .  The t a b l e  p o s i t i o n  
was s e n s e d  by a n  i n t e g r a t e d  s h a f t  encoder ,  and d i r e c t i o n ,  speed 
( f e e d r a t e )  , a n d  p o s i t i o n  were d e t e r m i n e d  by a p r o g r a m m a b l e  
c o n t r o l l e r .  The  m o t i o n  c o n t r o l l e r  was n o t  i n t e r f a c e d  t o  a n  
e x t e r n a l  computer  a s  i n  t h e  case o f  t h e  s m a l l  e x c i m e r  l a s e r  
p r o c e s s i n g  s t a t i o n ,  and both  t a b l e  p o s i t i o n i n g  and f i r i n g  of t h e  
l a r g e  l a se r  were performed manual ly .  To a v o i d  t h e  p o s s i b i l i t y  of  
e l e c t r o n i c  damage t o  t h e  c o n t r o l l e r  d u r i n g  t h e  h i g h  v o l t a g e  
e l e c t r i c a l  d i s c h a r g e  of t h e  l a r g e  l a s e r ,  t h e  c o n t r o l l e r  was 
t u r n e d  o f f  d u r i n g  l a s e r  f i r i n g .  T h e  b a t t e r y  backed-up i n t e r n a l  
memory of t h e  c o n t r o l l e r  p e r m i t t e d  t h e  o p e r a t o r  t o  r e t u r n  t h e  
t a b l e  t o  t h e  l a s t  p o s i t i o n  p rocessed  and t h e n  t o  advance t o  t h e  
n e x t  a r e a  t o  be annea led .  

3.3  ; 

3.3.1 3 
T h e  f o l l o w i n g  d e s c r i p t i o n  o f  t h e  f i r s t  o p t i c a l  system used f o r  
l a s e r  annea l ing  of s i l i c o n  wafe r s  by t h e  small s c a l e  EXC-1  l a s e r  
r e f e r s  t o  F i g .  3-3 .  T h e  l a s e r  s o u r c e ,  op t ica l  t r a i n  components, 
x-y motorized s t a g e ,  and a n c i l l a r y  componen t s  w e r e  l o c a t e d  o n  a 
3 '  by 8 '  t a b l e  w i t h  a m a g n e t i c  t o p  s u r f a c e .  T h e  o p t i c a l  
component h o l d e r s  were s e c u r e d  t o  t h e  t a b l e  w i t h  magne t i c  bases. 

T h e  l a s e r  s o u r c e  was a n  EXC-1 excimer l a se r  which p rov ided  6 t o  
40 n s e c  (FWHM) d u r a t i o n  o u t p u t  pulses a t  r e p e t i t i o n  r a t e s  u p  t o  
1 0 0  Hz. The o u t p u t  wave leng th  used f o r  l a s e r  a n n e a l i n g  was 308 
nm and t h e  average l a s e r  o u t p u t  energy  pe r  pulse  was a b o u t  20 m J .  
The o u t p u t  beam had a s q u a r e  c r o s s  s e c t i o n  of 1 x 1  c m .  The l i g h t  
o u t p u t  was e s s e n t i a l l y  i n c o h e r e n t  and t h u s  i n t e r f e r e n c e  e f f e c t s  
a t  t h e  work  s u r f a c e  w e r e  a b s e n t .  T h e  beam d i v e r g e n c e  was 
approximate ly  1 0  mrad f u l l  a n g l e .  

The excimer l a s e r  o u t p u t  beam was s t ee red  t o  t h e  p rope r  h e i g h t  
w i t h  t h e  beam e l e v a t o r  c o n s i s t i n g  of m i r r o r s  M 1  a n d  M2 shown i n  
F i g .  3 - 3 .  The m i r r o r s  were c o a t e d  w i t h  a d ie lec t r ic  m u l t i l a y e r  
s t a c k  s e l e c t e d  f o r  h i g h  r e f l e c t i v i t y  a n d  i n d e p e n d e n c e  o f  
r e f l e c t i v i t y  w i t h  p o l a r i z a t i o n  a t  t h e  d e s i g n  wavelength and a n g l e  
o f  i n c i d e n c e  ( 4 5 O ) .  T h u s  t h e  o r i g i n a l l y  u n p o l a r i z e d  l i g h t  
r ema ined  u n p o l a r i z e d .  A square a p e r t u r e  ( n o t  shown) was p l aced  
between t h e  l a s e r  and t h e  subsequent  o p t i c a l  e l e m e n t s  t o  c r e a t e  
a n  i m a g e  a t  t h e  work  s u r f a c e  w i t h  s h a r p  e d g e s .  A p e r t u r e  
i n s e r t i o n  l o s s  was 20% t o  5 0 %  d e p e n d i n g  on  a p e r t u r e  s i z e .  The 
l i g h t  was d i r e c t e d  t o  a n  overhead s u p p o r t  s t a n d  ( n o t  shown) which 
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h e l d  l e n s e s  L 1  [ f o c a l  l e n g t h  (f.1.) = 35 cml and  L2 ( f . 1 .  = 1 0  
c m )  a s  w e l l  a s  a 90' bend ing  m i r r o r  M3. The s p a c i n g  between L 1  
a n d  L2 c o u l d  be v a r i e d ,  t h u s  changing t h e  e f f e c t i v e  f o c a l  l e n g t h  
of t h e  c o m b i n a t i o n .  T h e  d i s t a n c e  o f  L2 f r o m  t h e  work s u r f a c e  
c o u l d  be a d j u s t e d ,  which  allowed v a r i a t i o n  of t h e  image s ize  a t  
t h e  work sur face ,  and pe rmi t t ed  v a r i a t i o n  o f  t h e  e n e r g y  d e n s i t y  
of  t h e  l aser  s p o t  a t  t h e  wafer. The energy d e n s i t y  a l s o  could  be 
v a r i e d  i n  a c o n t r o l l e d  manner by i n s e r t i o n  o f  n e u t r a l  d e n s i t y  
f i l t e r s  ( n o t  shown) .  The o v e r h e a d  90" b e n d i n g  m i r r o r  M3 was 
a n g u l a r l y  a d j u s t a b l e  t o  a l l o w  p r o p e r  c e n t e r i n g  o f  t h e  l i g h t  
t h r o u g h  L2 t o  e n s u r e  t h a t  t h e  l i g h t  was n o r m a l  t o  t h e  w a f e r  
s u r f a c e .  A f t e r  p r o p e r  a l ignment  and p o s i t i o n i n g  of a l l  o p t i c a l  
components, t h e  o p t i c a l  t h r o u g h p u t  was 6 5 %  ( w i t h o u t  a p e r t u r e )  8 

t h e  m a i n  l o s s e s  o c c u r r i n g  a t  t h e  f o u r  uncoated s u r f a c e s  of  l e n s e s  
L 1  and L2. 

notor Control, 
Lasac F i r e  Control i i e ~ e  hliqnment Laser 

Optic. Comwnsnts Notes: 
nl ,  112, 143: 90° Plano sendinq ~ i r r o c I  IR>990 
LL: symetric Convex Lens f . 1 .  - 25 
1.2: plano-convex Lens t .1 .  1 4  cm 

Combination f . 1 .  i 10 cm 
Adjustment Range: 10 c f . 1 .  1 2  Cm 

Terminal 

Pig. 3-3. Excimer l aser  annea l ing  f a c i l i t y .  

The t w o - s t a g e  m o t o r i z e d  x-y a n n e a l i n g  p l a t f o r m  was  l o c a t e d  
d i r e c t l y  b e n e a t h  t h e  o v e r h e a d  o p t i c a l  s u p p o r t  s t a n d .  The 
m o t o r i z e d  s t a g e s  e x e c u t e d  e x c u r s i o n s  u p  t o  6 "  a n d  4 " ,  
r e s p e c t i v e l y ,  i n  t h e  x-y d i r e c t i o n s  a t  t a b l e  s p e e d s  of  up t o  
l"/sec. The wafer was h e l d  s e c u r e l y  i n  p l a c e  i n  a h o r i z o n t a l  
p o s i t i o n  w i t h  an  a s p i r a t o r - b a s e d  vacuum chuck system. Vapor and 
d u s t  from t h e  a n n e a l i n g  process  when spin-on dopant  was used  were 
removed by a vacuum s y s t e m .  A g l a s s  p l a t e  was used a s  t h e  t o p  
surface on t h e  wafer  h o l d e r  t a b l e  and a l lowed wafer  p r o c e s s i n g  u p  
t o  a n d  i n c l u d i n g  t h e  edge, t h u s  e l i m i n a t i n g  any wasted m a t e r i a l .  
T h e  e n t i r e  x-y s t a g e  a n d  w a f e r  h o l d e r  were e n c l o s e d  i n  a 
P l e x i g l a s  box t o  e x c l u d e  d u s t  d u r i n g  t h e  p r o c e s s i n g .  A g a s  purge  
of t h e  wafer  s u r f a c e  was employed d u r i n g  p r o c e s s i n g  t o  reduce t h e  
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chance of  f o r e i g n  m a t e r i a l  being d e p o s i t e d  on t h e  s u r f a c e  d u r i n g  
a n n e a l i n g .  

Two s t e p p e r  motor c o n t r o l l e d  s t a g e s  and a s t e p p e r  motor sequencer  
and power s u p p l y  were u s e d  a n d  w e r e  a u t o m a t e d  u s i n g  a n  L S I - 1 1  
b a s e d  computer  a s  master c o n t r o l l e r  a l o n g  w i t h  a p p r o p r i a t e l y  
des igned  e l e c t r o n i c s  f o r  c o n t r o l  o f  l a s e r  t r i g g e r i n g  a n d  t a b l e  
m o t i o n .  The c o n t r o l  program used t h e  p a r a l l e l  i n t e r f a c e  f o r  110 
c o n t r o l  of t h e  sequence a n d  l a s e r  f i r i n g .  The c o n t r o l  p rog ram 
was w r i t t e n  i n  Macro-11 assembly language t o  op t imize  t iming  and  
e x e c u t i o n  speed. 

T h e  c o n t r o l  p r o g r a m  e x e c u t e d  s e v e r a l  d i s t i n c t  s c a n  p a t t e r n s  
des igned  f o r  round and s q u a r e  wafer  geomet r i e s ,  a s  shown i n  F i g .  
3 - 4 .  The  f i r s t  p a t t e r n  i s  a s t a n d a r d  r a s t e r  s c a n  w i t h  u s e r  
selectable  pu l se  o v e r l a p  i n  b o t h  d i r e c t i o n s .  Both  t a b l e  s p e e d  
a n d  wafer s i z e  w e r e  se lec tab le .  Based upon t h e  i n p u t  v a l u e s  of  
e f f e c t i v e  spot  s i z e  and t ab le  speed ,  t h e  computer c o n t r o l l e d  a n d  
f i r e d  t h e  l a s e r  a t  t h e  c o r r e c t  f r e q u e n c y  and a l lowed f o r  t a b l e  
a c c e l e r a t i o n  time. The t o t a l  number o f  s c a n  l i n e s  r equ i r ed  t o  
c o v e r  a given annea led  a r e a  was a l s o  computed and used t o  c o n t r o l  
t h e  s c a n .  User i n p u t  t o  t h e  p r o g r a m  was o v e r  t h e  s e r i a l  
i n t e r f a c e  t o  t h e  t e r m i n a l  a s  shown i n  F i g .  3 - 3 .  A g i v e n  s c a n  
a l s o  could  be a b o r t e d  from t h e  keyboard i f  d e s i r e d .  The a n n e a l e d  
a r e a  r e s u l t i n g  f r o m  t h e  f i r s t  s c a n  p a t t e r n  i s  s q u a r e  o r  
r e c t a n g u l a r .  For c i r c u l a r  w a f e r s ,  t o  annea l  a s  l a r g e  a n  a rea  a s  
p o s s i b l e  w i t h  minimum p r o c e s s  t ime, a d i a g o n a l  t y p e  a n n e a l i n g  
p a t t e r n  (shown i n  F i g .  3 - 4 1  was e m p l o y e d .  C o n t r o l  o f  a l l  
e x p e r i m e n t a l  p a r a m e t e r s  was a v a i l a b l e  through t h e  t e r m i n a l .  The 
c o n t r o l  s i g n a l s  s e n t  by t h e  computer t o  t h e  s e q u e n c e r  a r e  shown 
i n  F i g .  3 - 3 .  A s i n g l e  power supply  was used  f o r  bo th  motors  by 
m u l t i p l e x i n g  t h e  s e q u e n c e r  o u t p u t  u s i n g  r e l a y s  i n  t h e  c o n t r o l  
b o x .  T h e  scan  p a t t e r n s  d i d  n o t  r e q u i r e  t h a t  b o t h  m o t o r s  be 
o p e r a t e d  c o n c u r r e n t l y ,  so  t h i s  scheme was q u i t e  s a t i s f a c t o r y .  

3.3.2 Sc-er Laser with O p P  

I n i t i a l  l a s e r  a n n e a l i n g  t e s t s  u s i n g  t h e  s m a l l  l a s e r  i n d i c a t e d  
t h a t  t h e  s p a t i a l  i n t e n s i t y  d i s t r i b u t i o n  was q u i t e  nonun i fo rm.  
B e a m  p r o f i l e  measu remen t s ,  d e s c r i b e d  l a t e r ,  confirmed t h a t  t h e  
i n t e n s i t y  was h i g h  i n  t h e  c e n t e r ,  d e c r e a s i n g  t o w a r d  t h e  e d g e s .  
To improve t h e  s p a t i a l  un i fo rmi ty  of t h e  l a se r  s p o t  on t h e  wafer, 
t h e  o p t i c a l  s y s t e m  was m o d i f i e d  t o  i n c o r p o r a t e  a f u s e d  s i l i c a  
beam homogen ize r ,  a l s o  known a s  a k a l e i d o s c o p e .  T h r e e  s m a l l  
r e c t a n g u l a r  ( - 1 . 7 ~ 1 . 7 ~ 1 0 0  mm) k a l e i d o s c o p e s  were purchased .  One 
was mounted i n  a f i v e - a x i s  ( t h r e e - t r a n s l a t i o n  p l u s  two a n g l e s )  
h o l d e r ;  t h e  o t h e r  two ka le idoscopes  were s e t  as ide a s  spares. 

The h o l d e r  was des igned  t o  s u p p o r t  t h e  ka l e idoscope  on t h i n  wires  
n e a r  e a c h  end  of t h e  ka l e idoscope .  T h i s  r e s u l t e d  i n  t h e  c o r r e c t  
i n d e x  o f  r e f r a c t i o n  c o n d i t i o n s  f o r  t o t a l  i n t e r n a l  r e f l e c t i o n  
a l o n g  t h e  e n t i r e  l e n g t h  of  t h e  k a l e i d o s c o p e  a n d  h e n c e  op t ima l  
l i g h t  t h r o u g h p u t .  A s e c t i o n  o f  r e c t a n g u l a r  c h a n n e l  t u b i n g  
s u r r o u n d e d  t h e  k a l e i d o s c o p e  a n d  s e r v e d  t o  p r o t e c t  t h r e e  of i t s  
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l o n g  o p t i c a l  s u r f a c e s .  P r o p a g a t i o n  of  t h e  beam t h r o u g h  t h e  
ka le idoscope  could  be observed by f l u o r e s c e n c e  s e e n  t h r o u g h  t h e  
one exposed s u r f a c e  and t h e  exposed ends. 

The o p t i c a l  arrangement t h a t  i nco rpora t ed  t h e  beam homogenizer i s  
shown i n  F i g .  3-5. Alignment was performed us ing  t h e  same HeNe 
laser  beam t h a t  was used t o  a l i g n  t h e  excimer l a s e r  c a v i t y ,  t h u s  
e n s u r i n g  c o l i n e a r i t y .  The l i g h t  th roughput  u s ing  t h i s  s e t u p  was 
measured and f o u n d  t o  be 78% w i t h  t h e  i n p u t  beam f o c u s e d  v e r y  
c l o s e  t o  t h e  f r o n t  s u r f a c e  of t h e  l i g h t  p ipe .  T h i s  throughput  
was measured f o r  a s i n g l e  input  l e n s  and ka le idoscope ,  o r  a t o t a l  
of f o u r  o p t i c a l  s u r f a c e s .  The t h e o r e t i c a l  va lue  based on Fresnel 
l o s s e s  i s  81.5%, i n d i c a t i n g  a c l o s e  approximation of t h e  maximum 
e x p e c t e d  v a l u e .  F o r  r e a s o n s  t o  be d i s c u s s e d ,  s u c h  o p t i m a l  
focus ing  c o u l d  n o t  be  implemented d u r i n g  h i g h  r e p e t i t i o n  r a t e  
l a s e r  o p e r a t i o n  b e c a u s e  of observed damage t o  t h e  ka le idoscope .  
T h u s  t h e  a c t u a l  throughput  used f o r  wafer p r o c e s s i n g  was 65% f o r  
b o t h  l e n s e s  and  k a l e i d o s c o p e  ( t h e  best  v a l u e  expec ted  would be 
7 3 % ) .  A photograph of t h i s  o p t i c a l  arrangement i s  shown i n  F i g .  
3-6, a n d  i s  t h e  s e t u p  u s e d  f o r  l a s e r  a n n e a l i n g  of  w a f e r s  t o  
p r o d u c e  t w e n t y - f i v e  4 s q u a r e  c m  c e l l s  a t  m o r e  t h a n  1 5 . 5 %  
e f f i c i e n c y  . 
Major damage t o  t h e  ka l e idoscope  was observed when t h e  beam was 
focused  t o o  n e a r  t h e  f r o n t  s u r f a c e  of  t h e  k a l e i d o s c o p e  o r  t h e  
l a s e r  p u l s e  r e p e t i t i o n  r a t e  was t o o  high.  One ka le idoscope  was 
f r a c t u r e d ,  and a second one e x h i b i t e d  smal l  cracks and bubbles  a t  
t h e  i n p u t  e n d  i n d i c a t i n g  l i g h t  a b s o r p t i o n  l e a d i n g  t o  t h e r m a l  
f r a c t u r e  and  m e l t i n g  o f  t h e  g l a s s .  T h r e e  s t r a t e g i e s  were 
i m p l e m e n t e d  t o  o v e r c o m e  t h e s e  d i f f i c u l t i e s :  l o w e r i n g  t h e  
r e p e t i t i o n  r a t e  of t h e  l a s e r  t o  reduce t h e r m a l  l o a d i n g ;  moving 
t h e  f o c u s  of t h e  i n p u t  l e n s  f u r t h e r  from t h e  f r o n t  s u r f a c e  of t h e  
ka le idoscope  ( w i t h  about  1 0 %  loss of i n t e n s i t y  t h r o u g h p u t  1 ; and  
t a k i n g  c a r e  t o  keep t h e  inpu t  end of t h e  ka le idoscope  clean. The 
t h i r d  ka le idoscope  ope ra t ed  s a t i s f a c t o r i l y  f o r  t h r e e  mon ths ,  and  
t h e  two damaged ka le idoscopes  were r e p a i r e d .  

The n e c e s s i t y  o f  l o w e r i n g  t h e  l a s e r  r e p e t i t i o n  r a t e  t o  a s s u r e  
s u r v i v a l  of t h e  k a l e i d o s c o p e  r e q u i r e d  t h a t  t h e  t a b l e  speed be 
reduced a p p r o p r i a t e l y .  Previously t h e  c o n t r o l  program r e q u i r e d  
user d e t e r m i n a t i o n  and  e n t r y  of  t a b l e  s p e e d .  S i n c e  t h e  t a b l e  
speed was c o n t r o l l e d  by a very non- l inear  p o t e n t i o m e t e r ,  a c c u r a t e  
d e t e r m i n a t i o n  o f  t h i s  p a r a m e t e r  was t i m e  c o n s u m i n g .  
Consequent ly ,  t h i s  o p e r a t i o n  was p l a c e d  u n d e r  computer  c o n t r o l .  
The computer  u sed  t h e  g iven  row l e n g t h  and s o f t w a r e  timed l e n g t h  
between i n d e x i n g  a n d  c o m p l e t i o n  p u l s e s  t o  d e t e r m i n e  t h e  t a b l e  
s p e e d  t o  a n  accu racy  of about 0.1%. Th i s  v a l u e  was t h e n  used t o  
determine l a s e r  r e p e t i t i o n  r a t e .  

The p r o p a g a t i o n  of t h e  excimer beam through t h e  ka le idoscope  and 
complete  l e n s  s y s t e m  was s t u d i e d  u s i n g  a r a y - t r a c e  code .  The 
p u r p o s e  o f  t h i s  s t u d y  was t o  d e t e r m i n e  t h e  e x p e c t e d  beam 
un i fo rmi ty  and i t s  dependence on l e n s  des ign  and demagn i f i ca t ion .  
T h i s  code was s p e c i f i c a l l y  w r i t t e n  t o  a l low e n t i r e  p l a n e s  of r ays  
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t o  be p ropaga ted  t h r o u g h  t h e  o p t i c a l  sys tem i n  t h r e e  d i m e n s i o n s .  
An a d d i t i o n a l  f e a t u r e  of t h i s  code  i n c l u d e d  t h e  a b i l i t y  t o  o u t p u t  
s p o t  d iagrams of t h e  beam a t  user s e l e c t e d  p l a n e s  i n  t h e  o p t i c a l  
s y s t e m .  These  d i a g r a m s  proved  v e r y  u s e f u l  i n  e v a l u a t i n g  o p t i c a l  
d i s t o r t i o n ,  s p o t  s i z e ,  and  d i s t r i b u t i o n  o f  r a y s  i n  t h e  p l a n e .  

I - -  

IL " 

4 

DIAGONAL PATTERN 

ROUND WAFER 

RECTANGULAR PATTERN 

I I 

SQUARE WAFER 

P i g .  3-4. Scan p a t t e r n s .  

T h r e e  c a s e s  of  i n t e r e s t  were m o d e l e d  u s i n g  t h e  c o d e .  The  
p o s i t i o n  o f  t h e  o p t i c a l  c o m p o n e n t s  i n  e a c h  o f  t h e s e  cases  i s  
s h o w n  i n  F i g .  3 - 7 .  F o r  t h e  e n e r g y  d e n s i t i e s  r e q u i r e d ,  a 
d e m a g n i f i c a t i o n  of t h e  k a l e i d o s c o p e  o u t p u t  o f  a b o u t  2:  1 was 
needed .  E x p e r i m e n t a l l y ,  it was known t h a t  t h e  imaging f o r  such  a 
low f number case was somewhat u n s a t i s f a c t o r y .  The s p o t  d i a g r a m s  
showing t h e  beam a t  t h e  k a l e i d o s c o p e  o u t p u t ,  a t  t h e  p l a n e  of  best  
g e o m e t r i c  image f o r  Case 1, a r e  shown i n  F i g .  3 - 8 .  The  a x i a l  
p o s i t i o n  of b e s t  f o c u s  was d e t e r m i n e d  by e x a m i n a t i o n  o f  s e v e r a l  
p l a n e s  spaced  0 .5  mm a p a r t  n e a r  t h e  p a r a x i a l  f o c u s .  

Not  s u r p r i s i n g l y ,  it was found  t h a t  b e t t e r  homogen iza t ion  resu l t s  
w h e n  t h e  i n p u t  beam h a d  a s i g n i f i c a n t  i n h e r e n t  a n g u l a r  
d i v e r g e n c e .  S i n c e  t h e  small exc imer  l aser  h a s  a b o u t  5 mrad h a l f  
a n g l e  of d i v e r g e n c e ,  t h e  k a l e i d o s c o p e  t e c h n i q u e  i s  s u i t e d  t o  
h o m o g e n i z e  t h e  beam, a s  h a d  b e e n  shown e x p e r i m e n t a l l y .  The  
drawback o f  t h e  l a r g e  a n g u l a r  d i v e r g e n c e  of  t h e  beam i s  t h e  l a c k  
of  f o c u s a b i l i t y  wh ich  requi res  t h a t  t h e  k a l e i d o s c o p e  f r o n t  f a c e  
be p l a c e d  qu i te  c l o s e  t o  t h e  f o c u s  of  t h e  i n p u t  l e n s .  The  r a y  
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t r a c e  code showed t h a t  s i g n i f i c a n t  numbers of r a y s  a r e  l o s t  f r o m  
t h e  c o r n e r s  of  t h e  beam i f  t h e  f a c e  is p o s i t i o n e d  more t h a n  8 mm 
from t h e  f o c a l  p l ane .  

Optical - 
A 1  ignmen t 
Source Photodiode 

\, Pell ic le  
Beam 
Sp l  it te r  

. 
Plane 
of 
Wafer 

cc 
f l  Lens - - 

Excimer I 

- 
-20 -32 100 105 

Fig. 3-5. O p t i c a l  l a y o u t  f o r  l a s e r  annea l ing  of wafers 
u s i n g  t h e  smal l  excimer l a s e r  and beam homogenizer. 

F i g u r e  3 -8 (b )  shows t h e  s p o t  diagram a t  t h e  image p l a n e  f o r  t h e  
case of a s i n g l e  1 3  mm f o c a l  l eng th  l e n s .  A s i g n i f i c a n t  number 
o f  r a y s  f a i l  t o  be  c o l l e c t e d  w i t h i n  t h e  m a i n  d a r k  s q u a r e  
measuring 0.8x0.8 mm ( 2 : l  s i z e  r e d u c t i o n ) .  By a n a l o g y  w i t h  t h e  
u s u a l  g e o m e t r i c  m i n i m u m  b l u r  c i r c l e ,  one  m i g h t  c a l l  t h i s  a 
s m a l l e s t  b l u r  s q u a r e .  Some p i n h o l e  d i s t o r t i o n  a t  t h e  s p o t  
boundary is a l s o  noted. The  f a i l u r e  t o  c o l l e c t  t h e  marginal  r ays  
a d e q u a t e l y  would be e x p e c t e d  t o  be improved  s i g n i f i c a n t l y  by  
s u b s t i t u t i n g  t h e  s i n g l e  l ens  w i t h  an e q u i v a l e n t  two l e n s  ( P e t z v a l  
t y p e )  combination. The best spacing be tween  t h e  two lenses  was 
t e s t e d  u s i n g  t h e  r a y  t r a c e  code. Fo r  each c a s e  s e v e r a l  p l a n e s  
near  t h e  p r e d i c t e d  p a r a x i a l  image p l a n e  were p l o t t e d .  The o b j e c t  
t o  image distance f o r  each case  was based on t h e  desired 2 : l  s i z e  
r e d u c t i o n .  The two extreme cases  of t h e  l e n s  spac ing  o f  0 and 4 0  
m m  w e r e  t e s t e d  f i r s t .  The f o r m e r  c a s e  showed  o n l y  f a i r  
performance f o r  t h i s  system and was n o t  s t u d i e d  f u r t h e r .  

F i g u r e  3 - 9 ( a )  shows t h e  r e s u l t s  ob ta ined  a t  a p o s i t i o n  of 14 mm 
from t h e  f i n a l  surface f o r  Case 2 (see F i g .  3-71 . One o b s e r v e s  
t h a t  i n  c o n t r a s t  t o  t h e  s i n g l e  l e n s  case a l l  r a y s  excep t  a few i n  
t h e  c o r n e r s  a r e  reimaged w i t h i n  t h e  desired s p o t  a r e a .  The  l e n s  
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p o s i t i o n s  f o r  Case 2 were chosen t o  g i v e  a l e n s  combina t ion  whose 
e q u i v a l e n t  f o c a l  l e n g t h  was 13  mm and whose s e c o n d a r y  p r i n c i p a l  
p l a n e  was approximate ly  3 mm from t h e  f r o n t  s u r f a c e  of t h e  second 
l e n s .  An a d d i t i o n a l  a d v a n t a g e  o f  t h e  l e n s  c o m b i n a t i o n  i s  t h e  
f a c t  t h a t  t h e  w a f e r  s u r f a c e  may be  d i s p l a c e d  +0.5 mm w i t h o u t  a 
s i g n i f i c a n t  d e g r a d a t i o n  of image q u a l i t y .  T h i s  Ts a n  improvement 
on t h e  s i n g l e  l e n s  case .  

F i g u r e  3 - 9 ( b )  shows  t h e  image  p l a n e  r e s u l t s  f o r  Case 3 ( F i g .  
3 - 7 1 ,  t h e  i m a g e  n o t  a s  s h a r p  a s  i n  Case  2 a n d  w i t h  l e s s  
p o s i t i o n i n g  t o l e r a n c e .  However, t h e  b l u r  square s i z e  i s  improved 
ove r  t h a t  of a s i n g l e  l e n s .  More of t h e  t o t a l  ene rgy  of  t h e  beam 
w i l l  h i t  t h e  c o r r e c t  a r e a  o n  t h e  w a f e r  p o s i t i o n e d  a t  t h i s  
1 oca t ion .  

F i g .  3-6. Photograph of l aser  a n n e a l i n g  o p t i c a l  a r rangement  
showing excimer l a s e r  a t  r i g h t  and 4 "  square wafer  
on x-y t a b l e  a t  l e f t .  
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3.3.3 m n  and 

T h i s  s e c t i o n  d e s c r i b e s  t h e  o p t i c a l  s y s t e m  u s e d  t o  c a r r y  o u t  
s t u d i e s  o f  l a s e r  p h o t o c h e m i c a l  v a p o r  d e p o s i t i o n  f o r  t h e  
p a s s i v a t i o n  a n d  m e t a l l i z a t i o n  p r o c e s s  s t e p s .  The o p t i c a l  
assembly used f o r  l a s e r  v a p o r  CVD p r o c e s s i n g  i s  shown i n  F i g s .  
3-10 and  3-11. The l a b o r a t o r y  l a y o u t  was similar t o  t h a t  shown 
i n  F ig .  3-1, w i th  t h e  excimer laser  s h i f t e d  t o  t h e  o p p o s i t e  end  
of  t h e  o p t i c a l  t a b l e .  The 193 nm l a s e r  beam was r e f l e c t e d  o f f  a 
4 5 O  t u r n i n g  m i r r o r  and  d i r e c t e d  t o  t h e  m e t a l l i z a t i o n  p r o c e s s i n g  
o p t i c a l  a s s e m b l y  ( F i g .  3 - 1 0 ) .  The  beam e n t e r s  F i g .  3 -10  
pe rpend icu la r  t o  t h e  page and p a r a l l e l  t o  t h e  a x i s  of  m o t i o n  o f  
t h e  u p p e r  m o t o r i z e d  t r a n s l a t i o n  s t a g e  ( F i g .  3 - 1 1  s h o w s  a 
3-dimensional view of t h e  motorized tab le  mot ion) .  The beam t h e n  
was d e f l e c t e d  9 0 ° ,  making i t  p a r a l l e l  t o  t h e  a x i s  of motion of 
t h e  l o w e r  t r a n s l a t i o n  s t a g e .  T h e  beam was t h e n  r e f l ec t ed  
downward through a c y l i n d r i c a l  f o c u s i n g  l e n s  and  t h r o u g h  t h e  UV 
window o f  t h e  m e t a l l i z a t i o n  p r o c e s s  chamber .  The w a f e r  was 
l o c a t e d  i n  a f i x e d  p o s i t i o n  i n s i d e  t h e  chamber, and  t h e  o p t i c s  
were a d j u s t e d  t o  p r o v i d e  bes t  f o c u s  of  t h e  l a s e r  beam a t  t h e  
p l a n e  of  t h e  wafer and  p r o p e r  o r i e n t a t i o n  o f  t h e  l i n e  f o c u s  
r e l a t i v e  t o  t h e  d i r e c t i o n  of motion of t h e  motor ized  t r a n s l a t i o n  
s t a g e s .  

F i g .  3-7. O p t i c a l  systems s tudied  by ray t r a c i n g .  D i s t a n c e s  
i n d i c a t e d  a r e  i n  millimeters. 
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Fig. 3-8a. Spot diagram a t  kale idoscope  e x i t  plane 
for a beam w i t h  4 mrad angular d ivergence .  
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Fig. 3-8b. Case 1: S i n g l e  1 3  mm l e n s ;  2 : l  reduct ion i n  s i z e .  
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Fig. 3-9a. Case 2: R e s u l t s  obtained with two biconvex l e n s e s  
with a combination e f f e c t i v e  f o c a l  length  of 13  mm. 

Fig. 3-9b. Case 3: Spot diagram a t  image plane. 
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The 4 5 O  t u r n i n g  m i r r o r s  were 2 - i n c h  d i a m e t e r ,  l a r g e  enough t o  
accommodate  t h e  f u l l  l a s e r  beam. T h e  c y l i n d e r  l e n s  was mounted 
on a n  x-y-z t r a n s l a t i o n  s t a g e  t o  c e n t e r  t h e  l e n s  w i t h  t h e  c e n t e r  
of  t h e  l a s e r  beam, and t o  a d j u s t  t h e  f o c a l  p l a n e  r e l a t i v e  t o  t h e  
wafe r .  The l e n s  was mounted i n  a r o t a r y  s t a g e  t o  a l i g n  t h e  l i n e  
f o c u s  w i t h  t h e  d i r e c t i o n  o f  t r a v e l  of  one  o r  t h e  o t h e r  of t h e  
m o t o r i z e d  t r a n s l a t i o n  s t a g e s .  I n  t h i s  way l o n g  m e t a l l i z a t i o n  
l i n e s  c o u l d  be  made up  o f  l i n e  segments  l a i d  down end t o  end on 
t h e  wafe r .  L i n e  segments  1 t o  2 c m  l o n g  a n d  50  t o  1 0 0  m i c r o n s  
wide cou ld  be made u s i n g  t h i s  o p t i c a l  a r rangement .  

OPTICAL BEAM POSITIONING ASSEMBLY 

I m 
I \  
II I I 

I g r d 1 Y  I 

Fig. 3-10. S c a l e  drawing of o p t i c a l  assembly f o r  
m e t a l l i z a t i o n  p r o c e s s  step.  

The w h o l e  o p t i c a l  a s s e m b l y  was mounted on r i g i d  r a i l s  and c o u l d  
be r o l l e d  aside t o  p e r m i t  access t o  t h e  g a s  chamber  i n  o r d e r  t o  
change  wafers .  Wi th  t h e  o p t i c s  moved t o  one s ide,  t h e  t o p  f l a n g e  
h o l d i n g  t h e  UV window cou ld  be u n b o l t e d  a n d  r emoved ,  p e r m i t t i n g  
t h e  p r e v i o u s  wafer  t o  be removed and a new wafe r  i n s t a l l e d .  

An o b j e c t i v e  c y l i n d e r  l e n s  was employed t o  form a l i n e  f o c u s  f o r  
t h e  m e t a l l i z a t i o n  p r o c e s s  s t e p  a n d  w a s  a n a l y z e d  u s i n g  
t h r e e - d i m e n s i o n a l r  e x t e n d e d  s o u r c e ,  r a y  t r a c e  c o d e .  Two 
c o m m e r c i a l l y  a v a i l a b l e  l e n s e s  were s t u d i e d .  The f i r s t  was a 
p l ano-cy l inde r  l e n s  w i t h  a nominal p a r a x i a l  f o c a l  l e n g t h  o f  1 0 0  
m m .  T h i s  l e n s  was f o u n d  t o  p r o d u c e  a minimum b l u r  s q u a r e  9 0  
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microns i n  s i z e  a t  a working  d i s t a n c e  o f  83.5 mm. The s e c o n d  
l e n s  was a best form l e n s  a l s o  w i t h  a nominal f o c a l  l e n g t h  of 1 0 0  
mm. T h i s  l e n s  produced  a b lu r  s q u a r e  s i z e  o f  4 0  m i c r o n s  a t  a 
working  d i s t a n c e  of 7 2  mm. Both lenses were s t u d i e d  assuming a n  
i n p u t  beam from an e x t e n d e d  source  o f  1 .2x1.2 c m  w i t h  0 . 1  mrad 
h a l f  a n g l e  beam divergence. These parameters  a r e  those  expected 
of t h e  EXC-1 us ing  u n s t a b l e  resonator  o p t i c s .  T h u s  i t  a p p e a r e d  
t h a t  t h e  i n h e r e n t  l a s e r  and l e n s  p e r f o r m a n c e  would meet t h e  
m e t a l l i z a t i o n  l i n e  width requirements,  when used a t  t h i s  f number 
of s i x .  The s u p e r i o r  performance of t h e  best  form l e n s  i n d i c a t e d  
t h a t  t h i s  l e n s  would be t h e  best  choice .  

Fig. 3-11. I somet r i c  view of o p t i c a l  assembly of m e t a l l i z a t i o n  
process  s t e p  showing motion of t r a n s l a t i o n  s t a g e s .  
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The s p e c i f i c a t i o n  of  u n s t a b l e  r e s o n a t o r  o p t i c s  f o r  t h e  E X C - 1  a t  
1 9 3  nm was c a l c u l a t e d ,  a n d  a s u i t a b l e  vendor  f o r  t h e  o p t i c s  and 
c o a t i n g s  was l o c a t e d .  The c a v i t y  o p t i c s  c o n s i s t e d  o f  a 200 c m  
r a d i u s  o f  c u r v a t u r e  p l a n o - c o n v e x  h i g h  r e f l e c t o r  a n d  a 75 c m  
m e n i s c u s  ou tpu t  c o u p l e r  w i t h  a d o t  h i g h  r e f l e c t i o n  c o a t i n g  3.75 
m m  i n  d i a m e t e r .  The l a t t e r  was A R  c o a t e d  f o r  1 9 3  nm on t h e  
second s u r f a c e ,  and t h e  two o p t i c s  were d e s i g n e d  t o  be s e p a r a t e d  
by 62.5 c m ,  p r o v i d i n g  f o r  a c a v i t y  m a g n i f i c a t i o n  of -2.7. Both 
s u b s t r a t e s  were made of s u p r a s i l  q u a r t z .  However ,  t h e  u n s t a b l e  
r e s o n a t o r  o p t i c s  were n o t  i n s t a l l e d  because  s t a b l e  r e s o n a t o r  
o p t i c s  produced s a t i s f a c t o r y  l i n e  w i d t h s .  

Many of t h e  o p t i c s  h o l d e r s  and moto r i zed  t r a n s l a t i o n  s t a g e s  used 
f o r  l a s e r  CVD w e r e  a l r e a d y  a v a i l a b l e  f r o m  t h e  b u i l d u p  o f  t h e  
l a s e r  a n n e a l i n g  o p t i c a l  assembly.  The common components f o r  t h e  
t w o  p r o c e s s e s  were n o t  d u p l i c a t e d  because  o f  c o s t .  T h e  
c h a n g e o v e r  f rom t h e  m e t a l l i z a t i o n  p r o c e s s  t o  t h e  l aser  a n n e a l i n g  
p r o c e s s  r e q u i r e d  a p e r i o d  o f  2 t o  3 d a y s  f o r  r e a r r a n g e m e n t  a n d  
r e a l i g n m e n t  of t h e  o p t i c a l  assembl ies ,  and t o  change t h e  l aser  
from 1 9 3  nm ArF o p e r a t i o n  t o  308 nm X e C l  o p e r a t i o n .  

3.4 

The o u t p u t  beams of t h e  excimer l a se r s  and  o p t i c a l  beam h a n d l i n g  
s y s t e m s  u s e d  f o r  w a f e r  p r o c e s s i n g  were measured t o  d e t e r m i n e  
e n e r g y  p e r  p u l s e ,  p u l s e  d u r a t i o n  a n d  wavefo rm,  a n d  s p a t i a l  
d i s t r i b u t i o n  o f  i n t e n s i t y  a t  t h e  w a f e r  l o c a t i o n .  I n  s o m e  
e x p e r i m e n t s ,  t h e  ene rgy  of each l a se r  p u l s e  was mon i to red  d u r i n g  
w a f e r  p r o c e s s i n g  a n d  r e c o r d e d  on  f l o p p y  d i s k  memory t o  a l l o w  
c o m p u t e r  a n a l y s i s  o f  s t a t i s t i c a l  v a r i a t i o n s  when a l a r g e  area 
wafer  was processed  by a l a r g e  number of s m a l l  s p o t s  d i s t r i b u t e d  
o v e r  t h e  s u r f  a c e .  The d i a g n o s t i c  equipment  and t e c h n i q u e s  used 
f o r  t h e s e  measurements a r e  d e s c r i b e d  below. 

3.4.1 Laser P u l s e  Enerav 

A v e r a g e  power m e a s u r e m e n t s  of t h e  small  l a se r  (EXC-1) o u t p u t  a t  
308  nm a n d  1 9 3  nm were made a s  a f u n c t i o n  o f  r e p e t i t i o n  r a t e  
u s i n g  a S c i e n t e c h  c a l o r i m e t e r  t y p e  power meter. A t  t h e  same 
t ime,  t h e  l a s e r  p u l s e  r e p e t i t i o n  r a t e  was m e a s u r e d  u s i n g  a 
S y s t r o n  Donner p u l s e  g e n e r a t o r  and T r i p l e t t  f r e q u e n c y  meter, and 
t h e  e n e r g y  per  p u l s e  was t h e n  d e t e r m i n e d .  T h e  1" d i a m e t e r  
S c i e n t e c h  sensor  was p l a c e d  a t  t h e  l a s e r  o u t p u t  l o c a t i o n  and a l s o  
a t  t h e  wafer l o c a t i o n ,  t h e r e b y  m e a s u r i n g  d i r e c t l y  t h e  o p t i c a l  
l o s s  i n t r o d u c e d  by t h e  i n t e r v e n i n g  beam h a n d l i n g  o p t i c s .  The 
l a s e r  p u l s e  e n e r g y  a t  308  nm was f o u n d  t o  be  i n d e ' p e n d e n t  o f  
r e p e t i t i o n  r a t e  from low r e p e t i t i o n  r a t e  (-1 Hz) up t o  more t h a n  
50 Hz, t h e  h i g h e s t  v a l u e  u s e d  i n  t h e  l a s e r  a n n e a l i n g  p r o c e s s  
s t e p .  

I n  o r d e r  t o  mon i to r  t h e  p u l s e  energy  from t h e  small l a s e r  d u r i n g  
p r o c e s s i n g ,  a p h o t o d e t e c t o r  was  s e t  up  t o  i n t e r c e p t  t h e  l o w  
i n t e n s i t y  l a s e r  s i g n a l  t r a n s m i t t e d  t h r o u g h  t h e  h i g h  r e f l e c t i v i t y  
m i r r o r  of t h e  excimer l a se r  o p t i c a l  c a v i t y .  T h i s  d e t e c t o r  s i g n a l  
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was f e d  i n t o  a h i g h  s e n s i t i v i t y  FET op-amp i n t e g r a t o r ,  w h i c h  
provided a measurement of t h e  t o t a l  e n e r g y  i n  each p u l s e  of  t h e  
l a s e r .  The  op-amp d r i f t  was measured and found t o  be l ess  t h a n  
0.15 m V / s e c .  S ince  t h e  s i g n a l  f rom t h e  p h o t o d i o d e  was g r e a t e r  
t h a n  1 0 0  mV, s e n s i t i v i t y  was e x c e l l e n t .  The t i m e  c o n s t a n t  of t h e  
i n t e g r a t o r  was s e t  t o  d i s t i n g u i s h  i n d i v i d u a l  p u l s e s  a t  r e p e t i t i o n  
r a t e s  u p  t o  1 0 0  Hz. T h e  S c i e n t e c h  power  meter had  a t i m e  
c o n s t a n t  o f  - 1 4  s e c  a n d  t h u s  c o u l d  n o t  be u s e d  t o  d e t e c t  
i n d i v i d u a l  p u l s e  e n e r g y  v a l u e s  a t  m o d e r a t e  r e p  r a t e s .  T h e  
i n t e g r a t o r  ou tput  was d i g i t i z e d  by a 1 2 - b i t  A/D conve r t e r  and f e d  
t o  t h e  computer f o r  process ing  and memory s t o r a g e .  T e s t s  showed 
t h a t  l i g h t  l e v e l  c h a n g e s  o f  1 p a r t  i n  4 0 0 0  were r e a d i l y  
d i s t i n g u i s h e d  us ing  t h i s  d i a g n o s t i c  once t h e  dark c u r r e n t  o f f s e t  
o f  t h e  i n t e g r a t o r  was n u l l e d .  The d i g i t i z e d  i n f o r m a t i o n  was 
r e a d i l y  t r a n s f e r r e d  d i r e c t l y  t o  t h e  PDP-11 computer f o r  a n a l y s i s  
and s t o r a g e  on m a g n e t i c  media. Software was w r i t t e n  t o  c o l l e c t  
t h e  d a t a  w h i l e  performing t h e  l a s e r  annea l ing  process .  

A S c i e n t e c h  v o l u m e  a b s o r p t i o n  c a l o r i m e t e r  h a v i n g  a 4 i n c h  
e n t r a n c e  a p e r t u r e  was used t o  d e t e r m i n e  t h e  energy of i n d i v i d u a l  
l a s e r  p u l s e s  from t h e  l a r g e  excimer l a s e r .  The c a l o r i m e t e r  was 
p l a c e d  a t  t h e  l a s e r  o u t p u t  and a l s o  a t  t h e  w a f e r  l o c a t i o n .  
During l a se r  annea l ing  process  experiments  t h e  l aser  p u l s e  energy 
was checked p e r i o d i c a l l y  t o  v e r i f y  r e p r o d u c i b i l i t y  from p u l s e  t o  
pu l se  and t o  a s s e s s  t h e  need fo r  replacement of t h e  l a s e r  gas. 

3.4.2 pulse D I  

T e m p o r a l  p u l s e  waveform measurements  a t  3 0 8  nm were made by 
i n s e r t i n g  a f a s t  P I N  p h o t o d i o d e  i n t o  t h e  o u t p u t  beam a n d  
r eco rd ing  on a 1 GHz bandwidth o s c i l l o s c o p e .  The  r e p r o d u c i b i l i t y  
of t h e  ou tpu t  of t h e  s m a l l  l a s e r  was d e t e r m i n e d  by r e c o r d i n g  a 
number of waveforms on a s i n g l e  Po la ro id  f i lm .  The response t i m e  
of t h e  d e t e c t o r  and  o s c i l l o s c o p e  was l e s s  t h a n  1 nsec,  w h i c h  
r e a d i l y  r e s o l v e d  t h e  p u l s e s ,  r a n g i n g  from 6 t o  40  nsec f o r  t h e  
smal l  l a s e r  and about  90 nsec f o r  t h e  l a r g e  l a s e r .  A t  1 9 3  nm a 
Hammamatsu vacuum pho tod iode  was u s e d  t o g e t h e r  w i t h  a 400  MHz 
bandwidth  o s c i l l o s c o p e .  

3.4.3 e 
T h r e e  m e t h o d s  were  u s e d  t o  o b t a i n  d a t a  o n  t h e  s p a t i a l  
d i s t r i b u t i o n  of l a s e r  i n t e n s i t y  a t  t h e  w a f e r  s u r f a c e  l o c a t i o n .  
One method u t i l i z e d  t h e  pho tod iode  desc r ibed  above  w h i c h  was 
i l l u m i n a t e d  by t h e  p o r t i o n  of t h e  l a s e r  s p o t  t r a n s m i t t e d  t h r o u g h  
a t i n y  p i n h o l e .  T h e  p i n h o l e  was scanned over t h e  s p o t  a r e a  and 
v a r i a t i o n s  i n  p u l s e  waveform were r e c o r d e d .  The s e c o n d  method 
was t o  t a k e  an impr in t  p a t t e r n  of t h e  l a s e r  s p o t  on a wafer  o r  on 
p h o t o s e n s i t i v e  paper. Various a t t e n u a t i n g  f i l t e r s  were i n s e r t e d  
i n  t h e  beam and t h e  r e s u l t i n g  c h a n g e s  i n  t h e  i m p r i n t  p a t t e r n s  
w i t h  f i l t e r  a t t e n u a t i o n  were u s e d  t o  i n f e r  s p a t i a l  i n t e n s i t y  
v a r i a t i o n s .  
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A r e l i a b l e ,  q u a n t i t a t i v e  method o f  m e a s u r i n g  beam p r o f i l e s  was 
deve loped ,  u s i n g  a r e t i c o n  a r r a y  w i t h  a s s o c i a t e d  f rame d i g i t i z i n g  
f e a t u r e s .  I n  t h e  c o n f i g u r a t i o n  selected, t h e  r e t i c o n  d i a g n o s t i c  
d i g i t i z e d  a n d  s t o r e d  l i g h t  i n t e n s i t y  d a t a  a t  t h e  r a t e  of -400 
kHz. The a r r a y  was des igned  t o  c h a r a c t e r i z e  s h o r t  t i m e  d u r a t i o n ,  
( c o m p a r e d  t o  t h e  frame t ime)  p u l s e s ,  t y p i c a l  of excimer l a se r s  
used f o r  l a s e r  a n n e a l i n g .  These  a r r a y s  a r e  p a r t i c u l a r l y  u s e f u l  
f o r  s t u d y i n g  l i g h t  i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  UV regime,  s i n c e  
t h e y  p o s s e s s  a q u a r t z  window a n d  adequate  w a v e l e n g t h  r e s p o n s e  
down t o  0 . 2  m i c r o n s .  T h i s  i s  i n  c o n t r a s t  t o  t h e i r  m a j o r  
c o m p e t i t o r ,  C C D  a r r a y s ,  w h i c h  t y p i c a l l y  r e s p o n d  o n l y  t o  
wave leng ths  g r e a t e r  t h a n  0 . 4  microns.  

The a r r a y  c o n s i s t e d  of  3 2  x 32  i n d i v i d u a l  p i x e l s  s p a c e d  o n  1 0 0  
mic ron  c e n t e r s .  Each i n d i v i d u a l  pho tod iode  c u r r e n t  was stored on 
a n  i n t e g r a t e d  c a p a c i t o r  and  r e a d  o u t  ( t h r o u g h  a n  i n t e g r a t e d  s h i f t  
r e g i s t e r )  e v e r y  4 msec, t h u s  z e r o i n g  t h e  a r r a y .  By i n i t i a t i n g  
t h e  t r i g g e r i n g  of t h e  excimer l a s e r  o n  t h e  e n d - o f - f r a m e  s i g n a l  
p r o v i d e d  by t h e  r e t i c o n  a r r a y ,  a s i n g l e  s h o t  of v i d e o  i n f o r m a t i o n  
was c o l l e c t e d ,  r e p r e s e n t i n g  t h e  l a s e r  p u l s e .  S i n c e  t h e  PDP-11 
c o m p u t e r  cou ld  n o t  d i g i t i z e  a n d  s t o r e  i n f o r m a t i o n  a t  t h e  h i g h  
s p e e d s  r e q u i r e d  t o  min imize  a r r a y  d a r k  c o u n t ,  a s p e c i a l  t i m i n g  
a n d  d i g i t i z i n g  board  was des igned  around a n  AMD6108 8 b i t  A/D (1 
MHz maximum r a t e )  a n d  f a s t  ( 1 5 0  n s e c )  v i d e o  memory .  T h e  
a v a i l a b l e  a m o u n t  o f  v i d e o  memory was s u f f i c i e n t  t o  s t o r e  8 
s u c c e s s i v e  f r a m e s  o f  s p a t i a l  i n t e n s i t y  i n f o r m a t i o n .  T h e  
i n d i v i d u a l  p h o t o d i o d e s  had a dynamic r ange  ( m a n u f a c t u r e r ' s  da ta )  
of n e a r l y  2000:l; t h u s  t h e  s e n s i t i v i t y  of t h e  a r r a y  was l i m i t e d  
by t h e  1 b i t  q u a n t i z a t i o n  e r r o r  (measured) of t h e  A/D c o n v e r t e r  
t o  a b o u t  0 . 5  t o  1 p e r c e n t .  

D u r i n g  t h e  t e s t i n g  phase of  t h e  a r r a y ,  da rk  c o u n t  d a t a  w e r e  
c o l l e c t e d  and s t o r e d  i n  a d a t a  f i l e .  T h e s e  d a t a  were t h e n  
a v e r a g e d  a n d  u s e d  t o  s u b t r a c t  t h e  da rk  c o u n t  f r o m  t h e  a c t u a l  
l a se r  beam i n t e n s i t y  p r o f i l e .  The p i x e l - t o - p i x e l  v a r i a t i o n  i n  
r e s p o n s e  was t e s t e d  by u n i f o r m l y  i l l u m i n a t i n g  t h e  a r r a y  w i t h  a 
d i f f u s e  l i g h t  sou rce .  The r e s u l t i n g  v a r i a t i o n  was l ess  t h a n  5%.  
T h e s e  d a t a  were a l s o  s t o r e d  t o  p r o v i d e  a p p r o p r i a t e  r e s p o n s e  
s c a l i n g .  T h i s  i n f o r m a t i o n  was t h e n  t r a n s f e r r e d  t o  t h e  PDP-11 
c o m p u t e r  a n d  saved  i n  a d i s k e t t e  da ta  f i l e .  The i n f o r m a t i o n  was 
t h e n  t r a n s f e r r e d  t o  a VAX 11/780 computer where a G a u s s i a n  c u r v e  
f i t  r o u t i n e  could be used t o  e x t r a c t  p e r t i n e n t  i n f o r m a t i o n  on t h e  
s p a t i a l  s i z e  a n d  e l l i p t i c i t y  of t h e  p u l s e .  A l s o ,  a c o n t o u r  
p l o t t i n g  r o u t i n e  was employed t o  g ive  d i rec t  v i s u a l  i n f o r m a t i o n  
c o n c e r n i n g  t h e  t w o  d i m e n s i o n a l  e n e r g y  d i s t r i b u t i o n .  S u c h  
i n f o r m a t i o n  i s  shown i n  F ig .  3-12 which i s  t h e  o u t p u t  of a small 
H e N e  l a s e r .  The o u t p u t  was Gauss i an  a s  e x p e c t e d ,  a n d  t h e  p r o f i l e  
was found t o  be s l i g h t l y  e l l i p t i c a l .  

3.5 E X P E m  

I n  t h i s  s e c t i o n ,  t h e  d i a g n o s t i c  measurements  made t o  c h a r a c t e r i z e  
t h e  beams produced by t h e  e x c i m e r  l a s e r s  w i t h  t h e i r  a s s o c i a t e d  
o p t i c a l  a r r a n g e m e n t s  a r e  d e s c r i b e d  a n d  t h e  w a f e r  p r o c e s s i n g  
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procedures, operating parameters, and observations are presented. 
The laser annealing experiments are described first, followed by 
metallization experiments and finally surface passivation 
experiments. 

\ 
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Fig. 3-12. Application of reticon array to intensity profile 
measurement of a single mode HeNe beam. 

3.5 . 1 Juncfjon F m t i o i  

Excimer laser annealing of single crystal silicon wafers was 
conducted in three phases. The first phase was an exploratory 
period using the small EXC-1 excimer laser to investigate a 
number of process variables, including textured wafers, spin-on 
techniques for introducing dopant into the junction, and various 
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l a s e r  parameters s u c h  a s  energy d e n s i t y  and p u l s e  du ra t ion .  Some 
p a r a m e t e r s  a l r e a d y  w e r e  s e l e c t e d  based  on p r i o r  work. For  
example, a l a s e r  wave leng th  o f  3 0 8  nm was s e l e c t e d  b e c a u s e  i n  
p r e v i o u s  l a s e r  a n n e a l i n g  s t u d i e s  i t  had y i e l d e d  high s o l a r  ce l l  
e f f  i c i e n c y l e  and because X e C l  excimer l asers  t h a t  provided 308 nm 
ou tpu t  e x h i b i t  t h e  l o n g e s t  g a s  l i f e t i m e  a n d  a r e  more c o n v e n i e n t  
t o  o p e r a t e  than o t h e r  excimer l a s e r s .  

The second phase was a s tudy  of t h e  a p p l i c a t i o n  of a l a r g e  s c a l e  
excimer l a s e r  t o  j u n c t i o n  formation.  R e s u l t s  showed improvement 
over prev ious  r e s u l t s  on t h e  s m a l l  s c a l e  l a s e r  due  t o  improved 
beam u n i f o r m i t y .  However, work w i t h  t h e  l a r g e  scale l a s e r  was 
d ropped  because  t h e  o u t p u t  p u l s e  d u r a t i o n  was l o n g  (90 n s e c )  
producing j u n c t i o n s  t h a t  were t o o  deep, t h e  l a s e r  beam was not  a s  
uniform as  requi red ,  and t h e  p u l s e  r e p e t i t i o n  r a t e  was t o o  s low 
( 2  minutes between p u l s e s )  . 
T h e  t h i r d  phase used t h e  small s c a l e  l a s e r  aga in ,  b u t  modif ied by 
adding an o p t i c a l  beam homogenizer t o  provide good u n i f o r m i t y  i n  
l a s e r  i n t e n s i t y  o v e r  a s q u a r e  s p o t  on t h e  wafer.  Th i s  approach 
y i e l d e d  t h e  best  s o l a r  ce l l  e f f i c i e n c i e s ,  good r e p r o d u c i b i l i t y  i n  
t h e  l a s e r  a n n e a l i n g  p r o c e s s  s t e p ,  and a l l o w e d  o p t i m i z a t i o n  of 
most of t h e  process  v a r i a b l e s .  

T h e  c h a r a c t e r i s t i c s  of t h e  l a s e r  beam f o r  each of t h e s e  phases  
a r e  d i s c u s s e d  n e x t ,  f o l lowed  by a t a b u l a t i o n  of t h e  p a r a m e t e r s  
u s e d  f o r  each of  t h e  l a s e r  a n n e a l i n g  experiments  and t h e  f i n a l  
p rocess ing  of f i f t y  2- inch quadrants .  

3.5.1.1 Laser P u l s e  Duration and Waveform 

The p u l s e  du ra t ion  of t h e  small l a s e r  was v a r i e d  f rom 6 nsec t o  
4 0  nsec,  and t h e  p u l s e  d u r a t i o n  of t h e  l a r g e  laser  was 90 nsec.  
T h i s  w i d e  range of p u l s e  d u r a t i o n  p e r m i t t e d  a n  i n v e s t i g a t i o n  o f  
t h e  e f f e c t  of p u l s e  d u r a t i o n  on v a r i o u s  l a s e r  a n n e a l i n g  a n d  
j u n c t i o n  formation processes .  

The p u l s e  d u r a t i o n  of t h e  smal l  l a s e r  was v a r i e d  by s e l e c t i o n  of 
t h e  gas  m i x t u r e  and by mod i fy ing  t h e  e l e c t r i c a l  p u l s e  f o r m i n g  
n e t w o r k  (PFN) u s e d  t o  d r i v e  t h e  d i s c h a r g e  i n  t h e  l a s e r  g a s .  
T y p i c a l  p u l s e  waveforms used  i n  t h e  f i r s t  p h a s e  o f  t h e  l a s e r  
a n n e a l i n g  exper iments  a r e  shown i n  Fig.  3-13. The u s e  of helium 
d i l u e n t  produced a s i n g l e  p u l s e  of s h o r t  d u r a t i o n  (-6 nsec  F W H M ) .  
Changing t h e  g a s  m i x t u r e  t o  a neon d i l u e n t  p roduced  a d o u b l e  
p u l s e  w i t h  t h e  two p e a k s  s e p a r a t e d  by a b o u t  25 n s e c .  The two 
peaks i n  l a s e r  ou tpu t  a r e  c o r r e l a t e d  wi th  two peaks i n  d i s c h a r g e  
cu r ren t  through t h e  l a s e r  gas.  

The r e l a t i v e  a m p l i t u d e  o f  t h e  two p e a k s  c o u l d  be v a r i e d  by 
changing t h e  amounts of  X e  and  H C 1  i n  t h e  l a s e r  g a s  m i x t u r e s .  
T h i s  e f f e c t  is i l l u s t r a t e d  i n  F i g .  3 - 1 4 ?  which shows p u l s e  
waveforms from t h e  s m a l l  s c a l e  exc imer  l a s e r  d u r i n g  t h e  t h i r d  
phase  of l a s e r  a n n e a l i n g  e x p e r i m e n t s .  The  waveforms shown are  
f o r  1 0  o v e r l a p p i n g  p u l s e s  i n  e a c h  c a s e ,  i n d i c a t i n g  g o o d  
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r e p r o d u c i b i l i t y  of each of t h e  waveforms f o r  t h e  two p r o c e s s i n g  
r u n s .  I n  b o t h  cases, t h e  f u l l  w i d t h  h a l f  maximum pulse d u r a t i o n  
i s  30 nsec .  However, t h e  second peak i s  l a r g e r  i n  F i g .  3 -14(a)  , 
w h e r e a s  t h e  f i r s t  p e a k  i s  l a r g e r  i n  F i g .  3 - 1 4 ( b ) .  T h i s  
d i f fe rence  i n  p u l s e  waveform produced a s i g n i f i c a n t  d i f f e r e n c e  i n  
t h r e s h o l d  l a s e r  energy  d e n s i t y  on t h e  wafer t h a t  i nduced  s u r f a c e  
damage. I t  was found t h a t  s u r f a c e  damage d u r i n g  l a s e r  a n n e a l i n g  
r e s u l t e d  i n  reduced s o l a r  ce l l  e f f i c i e n c y ;  opt imum p r o c e s s i n g  
r e q u i r e d  t h e  l a s e r  e n e r g y  d e n s i t y  t o  be n e a r ,  b u t  below, t h e  
damage t h r e s h o l d .  Here w e  no te  t h a t  t h e  l a se r  p u l s e  waveform i s  
one of t h e  v a r i a b l e s  t h a t  i n f l u e n c e s  t h e  surface damage i n  l a s e r  
ene rgy  d e n s i t y .  

2 nsec/Div 

a. S h o r t  pulse us ing  he l ium d i l u e n t  

10 nsec/Div 

b. Long p u l s e  u s i n g  neon d i l u e n t  

Fig. 3-13. Laser p u l s e  s h a p e s  used i n  f i r s t  phase  of 
l a se r  a n n e a l i n g  p r o c e s s  s t u d i e s .  
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a. Batch 23: low damage t h r e s h o l d ,  1 . 2  J/cm2 

b. Batch 24: h i g h e r  damage t h r e s h o l d ,  1 .5  J/cm2 

F i g .  3-14. Excimer l a se r  p u l s e  waveforms. 

One of t h e  b e t t e r  wafer  p r o c e s s i n g  r e s u l t s  was o b t a i n e d  u s i n g  t h e  
l a s e r  waveform shown i n  F ig .  3 - 1 5 ( a ) .  I t  i s  seen t h a t  t h e  second 
p e a k  i s  c o n s i d e r a b l y  l o w e r  t h a n  t h e  f i r s t  p e a k .  I n  o r d e r  t o  
s t u d y  t h e  e f f e c t  o f  r emov ing  t h e  d o u b l e  p u l s e ,  t h e  PFN of  t h e  
EXC-1 l a se r  was mod i f i ed  t o  p r o d u c e  t h e  waveform shown i n  F i g .  
3 - 1 5 ( b ) .  A f u r t h e r  c h a n g e  i n  t h e  PFN produced t h e  l o n g e r  p u l s e  
waveform (40  n s e c )  of F i g .  3 - 1 6 ( a ) .  T h e s e  c h a n g e s  d i d  n o t  l e a d  
t o  improvemen t s  i n  resu l t s ,  a l t h o u g h  o t h e r  v a r i a b l e s  such  a s  t h e  
wafer  c l e a n i n g  p rocedure  a l s o  were changed d u r i n g  t h i s  p e r i o d  o f  
t e s t i n g .  However, i t  was d e t e r m i n e d  by s p r e a d i n g  r e s i s t a n c e  
measurements t h a t  t h e  j u n c t i o n  p roduced  by t h e  4 0  n s e c  p u l s e  o f  
F i g .  3 - 1 6 ( a )  was t o o  d e e p .  Based on  t h e s e  resu l t s ,  t h e  PFN was 
a g a i n  changed t o  produce t h e  p u l s e  waveform shown i n  F i g .  3 -16 (b )  
which was used f o r  subsequen t  l a se r  a n n e a l i n g  expe r imen t s .  

The j u n c t i o n  f o r m a t i o n  by l a se r  a n n e a l i n g  t a s k  was c o m p l e t e d  by 
p r o c e s s i n g  f i f t y  5 c m  s q u a r e  w a f e r s  o v e r  a p e r i o d  o f  t h r e e  
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OF POOR QUALlW 

working days.  The p u l s e  waveforms o b t a i n e d  a t  i n t e r v a l s  d u r i n g  
t h i s  p e r i o d  a r e  shown  i n  F i g .  3 - 1 7 .  T h e  w a v e f o r m s  v a r i e d  
somewhat from one b a t c h  t o  t h e  n e x t ,  a n d  f r o m  t h e  b e g i n n i n g  t o  
t h e  e n d  o f  a b a t c h ;  however ,  t h e  pulse  d u r a t i o n  (FWHM) remained 
30 n s e c  t o  w i t h i n  a few nanoseconds. 

The p u l s e  waveform p r o d u c e d  by t h e  l a r g e  sca le  excimer l a se r  i s  
shown i n  F ig .  3-18. The  90 nsec d u r a t i o n  r e s u l t e d  i n  a h i g h e r  
s u r f a c e  damage t h r e s h o l d  l i m i t  ( a b o u t  2 . 0  J / c m 2 ) ,  deepe r  h e a t  
p e n e t r a t i o n ,  and a j u n c t i o n  dopant p r o f i l e  t h a t  was d e e p e r  t h a n  
d e s i r e d .  

IE 
I 

3 
I 
1 
I 
I 

a. Laser pulse  waveform used i n  p r o c e s s i n g  Batch #26 

b. Laser  p u l s e  waveform a f t e r  modi fy ing  EXC-1 p u l s e  forming  l i n e  I 
Pig. 3-15. Exc imer  l aser  pulse waveform. B 
3.5.1.2 Spatial Distribution of Intensity 

I n  t h e  c o u r s e  of t h e  l a s e r  annea l ing  s t u d y ,  it was found t h a t  t h e  
l a s e r  i n t e n s i t y  s p a t i a l  p r o f i l e  m u s t  be v e r y  uniform. During t h e  
f i r s t  p h a s e  e x p e r i m e n t s ,  t h e  s m a l l  s c a l e  l a s e r  was a p p l i e d  
d i r e c t l y  t o  t h e  w a f e r ,  w i t h  f o c u s i n g  o p t i c s  t o  image a p l a n e  n e a r  
t h e  o u t p u t  a p e r t u r e  of t h e  l a s e r  o n t o  t h e  wafer .  The s p o t  s i z e  
a t  t h e  w a f e r  n e e d e d  t o  a c h i e v e  1 t o  1 . 5  J / c m 2  l a s e r  e n e r g y  

IE 
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d e n s i t y  was about  1 mm s q u a r e ,  r equ i r ing  a low f number f o c u s i n g  
l e n s .  I t  was found t h a t  bo th  t h e  l a s e r  beam i t s e l f  and t h e  l e n s  
i n t r o d u c e d  nonuniformity i n  t h e  s p a t i a l  d i s t r i b u t i o n  of i n t e n s i t y  
a t  t h e  w a f e r .  Q u a n t i t a t i v e  p r o f i l e  m e a s u r e m e n t s  o f  t h e  l a s e r  
beam w e r e  made u s i n g  t h e  r e t i c o n  a r r a y ,  b u t  i t  was n o t  u s e d  
d i r e c t l y  a t  t h e  w a f e r  s p o t .  P h o t o s e n s i t i v e  pape r  i m p r i n t s  and  
w a f e r  i m p r i n t s  were u s e d  w h i c h  showed t h a t  t h e  i n t e n s i t y  was 
q u i t e  h i g h  i n  t h e  m i d d l e  a n d  f e l l  o f f  s i g n i f i c a n t l y  toward t h e  
e d g e s .  A l s o ,  t h e  e d g e s  were n o t  s t r a i g h t  l i n e  i m a g e s  o f  t h e  
r e c t a n g u l a r  a p e r t u r e  u s e d  a t  t h e  l a s e r ,  d u e  t o  g e o m e t r i c a l  
a b e r r a t i o n  of t h e  image by t h e  low f number l e n s .  

To i m p r o v e  t h e  u n i f o r m i t y  of i n t e n s i t y  o v e r  t h e  s p o t  area a t  t h e  
wafe r  when us ing  t h e  small  l a s e r ,  t h e  o p t i c a l  beam h o m o g e n i z e r  
d e s c r i b e d  i n  S e c t i o n  3 .3  was u s e d .  I t  was i m p o r t a n t  t o  select  
t h e  c o r r e c t  s i z e  homogenizer,  t o  assure good o p t i c a l  q u a l i t y  i n  
m a n u f a c t u r e ,  and  t o  l i m i t  t h e  a n g u l a r  s p r e a d  of t h e  o u t p u t  beam 
s o  t h a t  t h e  reimaging o p t i c s  would n o t  i n t r o d u c e  l e n s  d i s t o r t i o n .  
An e x p e r i m e n t a l  s t u d y  of  two beam homogenizers  o b t a i n e d  by two 
d i f f e r e n t  s u p p l i e r s  was c a r r i e d  o u t  u s i n g  a H e - N e  l a s e r  beam a n d  
t h e  r e t i c o n  a r r a y .  

The o p t i c a l  s e t u p  u s e d  f o r  t e s t i n g  i s  shown i n  F i g .  3-19. To 
c l o s e l y  approximate t h e  behav io r  of t h e  excimer l a s e r ,  t h e  s m a l l  
H e N e  ( w  o.=0.45 mm) beam was e x p a n d e d  by a t e l e s c o p e  a n d  t h e n  
f o c u s e d  i n t o  t h e  beam h o m o g e n i z e r  ( a  3 m m  x 3 m m  x 1 0 0  m 
k a l e i d o s c o p e ) .  T h e  f / 4  i n p u t  o p t i c s  r e s u l t e d  i n  t h e  f a i r l y  
uniform beam shown i n  F i g .  3 - 2 0 ( a ) .  T h i s  p r o f i l e  was t a k e n  a t  
t h e  o u t p u t  of t h e  k a l e i d o s c o p e  and measured 3x3mm. To t e s t  t h e  
a b i l i t y  t o  reduce t h i s  o b j e c t  s i z e  t o  a n  image s i z e  c o m p a t i b l e  
w i t h  t h e  d e s i r e d  energy  d e n s i t y  a t  t h e  work s u r f a c e ,  a n  f / l  o p t i c  
was used a t  a 2 : l  c o n j u g a t e  r a t i o  w i t h  t h e  r e s u l t i n g  image shown 
i n  F i g .  3 - 2 0 ( b ) .  T h e  image was  square a n d  p o s s e s s e d  a r a p i d  
drop-off  i n  i n t e n s i t y  a t  t h e  edges .  The u n i f o r m i t y  of  t h e  beam 
c o u l d  b e  i m p r o v e d  i f  t h e  i n p u t  a n d  o u t p u t  f a c e s  o f  t h e  
k a l e i d o s c o p e  were b e t t e r  p o l i s h e d .  An i m p e r f e c t i o n  i n  a t  l e a s t  
o n e  o f  t h e  f a c e s  was o b s e r v e d  t o  l e a d  t o  s p u r i o u s  l i g h t  
s c a t t e r i n g .  The  c o n c l u s i o n  f r o m  t h i s  e x p e r i m e n t  was t h a t  f / 4  
i n p u t  o p t i c s  a r e  s u f f i c i e n t  t o  homogen ize  t h e  beam t o  t h e  57% 
l e v e l .  F igu re  3-20 ( b )  i n d i c a t e d  t h a t  beam o v e r l a p p i n g  o f  100-200 
mic rons  a t  t h e  work s u r f a c e  s h o u l d  be s u f f i c i e n t .  

I n  a n o t h e r  s e r i e s  of e x p e r i m e n t s ,  a 5x5 mm k a l e i d o s c o p e  was u s e d  
w i t h  t h e  i d e n t i c a l  o p t i c a l  t r a i n .  The r e s u l t i n g  o u t p u t  was t o o  
l a r g e  t o  record  i n  a s i n g l e  s h o t  on t h e  r e t i c o n ,  b u t  by s c a n n i n g  
t h e  a r r a y  a c r o s s  t h e  o p t i c a l  f i e l d  t h e  o u t p u t  ( u s i n g  f / 4  o u t p u t  
i n p u t  o p t i c s )  was found t o  be a s  u n i f o r m  a s  t h a t  shown i n  F i g .  
3-20 f o r  t h e  3x3 mm ka l e idoscope .  The d i f f i c u l t y  w i t h  t h e  5x5 mm 
k a l e i d o s c o p e  sterns from t h e  l a r g e  s i z e  r e d u c t i o n  r a t i o  r e q u i r e d  
t o  a c h i e v e  e n e r g y  d e n s i t i e s  o f  - 1 . 2  J/cm2 a t  t h e  work surface.  
Thus, a l though t h e  5x5 mm k a l e i d o s c o p e  was o f  s u p e r i o r  o p t i c a l  
q u a l i t y ,  i t  was n o t  s u i t a b l e  f o r  t h e  l a s e r  a n n e a l i n g  d e s i r e d  i n  
t h i s  work. 
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PFN a r r a n g e d  f o r  4 0  nsec pulse 

PFN a r r a n g e d  f o r  25 nsec pulse  

d u r a t i o n  (Batch  35)  

d u r a t i o n  (Batch  37)  

Fig. 3-16. Exc imer  laser pu l se  waveforms w i t h  m o d i f i e d  
d r i v e r  and  p r e i o n i z e r  c i r c u i t s .  

T h r e e  1 . 7 ~ 1 . 7 ~ 1 0 0  mm ka l e idoscopes  of b e t t e r  o p t i c a l  q u a l i t y  were 
s u b s e q u e n t l y  o b t a i n e d  a n d  used  w i t h  f / l  o p t i c s  t o  r e d u c e  t h e  
image  s i z e  t o  a b o u t  1 mm square .  The smaller k a l e i d o s c o p e s  had 
b e v e l e d  e d g e s  t o  p r e v e n t  ch ipping  d u r i n g  t h e  p o l i s h i n g  p r o c e s s ,  
u A , u  -na k,zd L;-L --l 4-L en - 1 1  - 4 ”  c . n ~ v C = m n c  

wafer  u s i n g  one of t h e s e  k a l e i d o s c o p e s  a r e  shown i n  F i g .  3-21. 
F i g u r e  3 - 2 1  i s  a r e t i c o n  p r o f i l e  e x h i b i t i n g  t h e  s h a r p  e d g e  
d r o p - o f f  ( < l o 0  m i c r o n s )  found  ( e x p e r i m e n t a l l y )  near  t h e  b e s t  
f o c u s .  A l s o  o f  i n t e r e s t  i n  t h i s  f i g u r e  i s  t h e  w e l l - d e f i n e d  
p l a t e a u  r e g i o n ,  which conta ined  n e a r l y  a l l  o f  t h e  p u l s e  e n e r g y .  
The r a y  t r a c e  c o m p u t a t i o n a l  s t u d i e s  i n d i c a t e d  t h a t  movement of 
t h e  wafe r  p l a n e  more t h a n  0.5 mm i n  e i t h e r  d i r e c t i o n  r e s u l t e d  i n  
l o s s  o f  t h i s  edge sha rpness .  

A A A ~ L L  y w - L ~ - A a  V ~ Z  UII YULLIYII- sea% p r c f i l e s  at t h e  

The o p t i c a l  r a y  t r a c i n g  a n a l y s i s  d e s c r i b e d  p r e v i o u s l y  i n  S e c t i o n  
3 showed t h a t  a s h a r p e r  focused image of t h e  k a l e i d o s c o p e  o u t p u t  
a p e r t u r e  c o u l d  b e  o b t a i n e d  a t  t h e  w a f e r  by u s i n g  two l e n s e s  
r a t h e r  t h a n  o n e .  F u r t h e r m o r e ,  p r e v i o u s  e x p e r i m e n t s  h a d  shown 
t h a t  b e t t e r  s o l a r  c e l l  r e s u l t s  were o b t a i n e d  i f  t h e  l a se r  s p o t  
was s h a r p l y  f o c u s e d  on t h e  wafer t h a n  i f  i t  was d e f o c u s e d .  F o r  
t h e s e  r e a s o n s ,  t h e  s i n g l e  lens  f o c u s i n g  ar rangement  was m o d i f i e d  
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I 
b y  a d d i n g  a s e c o n d  l e n s .  T h e  s p a c i n g  b e t w e e n  t h e  l e n s e s ?  
d i s t a n c e  from t h e  beam h o m o g e n i z e r ?  a n d  d i s t a n c e  t o  t h e  w a f e r  
each c o u l d  b e  v a r i e d  i n d i v i d u a l l y  by micrometer  d r i v e n  s l i d e s .  
The added lens had a f o c a l  l e n g t h  of 4 0  mm and d i ame te r  o f  2 5  mm. 

a .  A f t e r  Batch #59 

I b. Be fo re  Batch #60 

c. A f t e r  Batch #62 

P i g .  3-17. Laser p u l s e  waveforms -clring annea 
ion-implanted wafe r s .  
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F i g .  3-18, I n t e n s i t y  vs t i m e  from large x-ray p re ion ized  
excimer laser  using X e C l  a t  308 nm. 
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F i g ,  3-19. Optical s e t u p  f o r  kaleidoscope t e s t i n g .  

The r e s u l t i n g  l a s e r  s p o t  u s i n g  two l e n s e s  was f o u n d  t o  be  
c o n s i d e r a b l y  more  uni form,  b a s e d  o n  m e a s u r i n g  t h e  s p o t  s i z e  
d i m e n s i o n  o n  p h o t o s e n s i t i v e  p a p e r  a s  a f u n c t i o n  o f  beam 
a t t e n u a t i o n  u s i n g  n e u t r a l  d e n s i t y  f i l t e r s .  The i n t e n s i t y  f a l l  
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o f f  a t  t h e  edge o c c u r r e d  over  a d i m e n s i o n  o f  0 . 0 5  mm f o r  a s p o t  
s i z e  o f  1 . 0  mm. T h i s  s p o t  e d g e  d e f i n i t i o n  was bet ter  t h a n  t h e  
0.10 mm r e s o l u t i o n  e lement  s i z e  of t h e  r e t i c o n  a r r a y .  However?  
w a f e r  p r o c e s s i n g  u s i n g  t h i s  s h a r p e r  f o c u s  produced t i n y  damage 
s i tes  on t h e  wafer a t  l a s e r  ene rgy  d e n s i t i e s  t h a t  p r e v i o u s l y  h a d  
p r o d u c e d  o n l y  s l i g h t  damage a t  t h e  e d g e s  o f  t h e  s p o t .  A l s o  
m u l t i p l e  damage l i n e s  were seen a t  t h e  edges .  T h e s e  e f f e c t s  a r e  
t h o u g h t  t o  be d u e  t o  l a r g e r  l o c a l  i n t e n s i t y  g r a d i e n t s  i n  small 
r e g i o n s  o f  i n t e n s i t y  n o n u n i f o r m i t y  a t  t h e  o u t p u t  o f  t h e  
k a l e i d o s c o p e .  The m u l t i p l e  edge l i n e s  a r e  due t o  n o n r e g i s t r y  of 
m u l t i p l y  r e f l e c t e d  beams w i t h i n  t h e  k a l e i d o s c o p e ,  and  t i n y  damage 
s i t e s  d i s t r i b u t e d  o v e r  t h e  s p o t  a r e a  a r e  d u e  t o  i m p e r f e c t  
p o l i s h i n g  of t h e  k a l e i d o s c o p e  s u r f a c e s .  

a200 

P i g .  3-20a. Beam p r o f i l e  a t  e x i t  p l a n e  of 
u s i n g  f / 4  i n p u t  o p t i c s .  

k a l e i d o s c o p e  

RELATIVE 
INTENSITY 

0 

0200 

Fig. 3-20b. B e a m  p r o f i l e  demagn i f i ed  2x and  reimaged. 
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A f t e r  o b s e r v i n g  t h e s e  damage e f f e c t s ,  t h e  o p t i c a l  i m a g i n g  
a s s e m b l y  was r e t u r n e d  t o  t h e  s i n g l e  l e n s  c o n f i g u r a t i o n  used  
previous ly .  

8 
1 

Fig. 3-21a. Excimer laser beam p r o f i l e  a f t e r  kaleidoscope 
homogenization. 

0 

Fig. 3-21b. Beam p r o f i l e  showing edge f a l l o f f  of excimer 
laser  spot a t  wafer near bes t  f o c u s  w i t h  s i n g l e  
l e n s  imaging. 

An e f f o r t  was made t o  measure t h e  i n t e n s i t y  d i s t r i b u t i o n  of t h e  
large laser  using t h e  r e t i c o n  ar ray .  U n f o r t u n a t e l y ,  due  t o  t h e  
p r e s e n c e  of t h e  h i g h  v o l t a g e  switches and t h e  e-beam discharge ,  
t h e  e l e c t r i c a l  n o i s e  p r e v e n t e d  s u c c e s s f u l  o p e r a t i o n  o f  t h e  
u n s h i e l d e d  a r r a y  and  computer.  D u e  t o  t h e  h i g h  speed  s i g n a l s  
p r e s e n t  on t h e  r e t i c o n  a r r a y  board ,  cable  l e n g t h s  were l i m i t e d  
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and t h u s  both a r r ay  and motherboard had t o  be loca t ed  less  than 3 
f e e t  away from t h e  a c t u a l  l o c a t i o n  chosen f o r  beam p r o f i l i n g .  I n  
o r d e r  t o  d u p l i c a t e  a s  c l o s e l y  a s  poss ib l e  t h e  condi t ions  during 
a c t u a l  l a s e r  annealing ope ra t ions ,  w e  c o u l d  n o t  o p t i c a l l y  r e l a y  
t h e  image of t h e  o u t p u t  a p e r t u r e  t o  t h e  e x i s t i n g  screen room. 
T h u s  t h e  screen room could not be used t o  house e l e c t r o n i c s .  To 
e l i m i n a t e  t h e  e l e c t r i c a l  n o i s e ,  c o n s t r u c t i o n  of  a p o r t a b l e  
Faraday enc losu re  f o r  bo th  t h e  r e t i c o n  a r r a y  and computer was 
i n i t i a t e d .  I n i t i a l  tests were s t i l l  s u b j e c t  t o  excessive noise.  
However, a f t e r  ob ta in ing  good junc t ion  f o r m a t i o n  r e s u l t s  i n  t h e  
e a r l y  Phase 3 e x p e r i m e n t s  w i t h  t h e  small  l a s e r ,  f u r t h e r  work on 
t h e  l a r g e  l a s e r  was stopped. 

3.5.1.3 Laser Repeatability 

T h e  d i g i t a l  photodiode  desc r ibed  previously was used t o  monitor 
t h e  individual  per pu lse  energy a s  a func t ion  of r e p e t i t i o n  r a t e .  
F i g u r e  3-22 shows o n e  of t h e  r e s u l t s  obtained using t h i s  probe. 
A n  energy  inc rease  of -5% was sometimes seen a s  t h e  l a s e r  warmed 
up, r e a c h i n g  a p l a t e a u  a f t e r  a b o u t  1 0 0 0  p u l s e s .  T h e  same 
behav io r  was observed  a t  1 0  Hz rep r a t e .  The s h o r t  term energy 
f l u c t u a t i o n  appeared smaller  a t  20 Hz than a t  1 0  Hz ( n o t  shown) 
When necessa ry  i n  wafer processing,  t h e  l a s e r  was operated a t  20 
Hz f o r  one t o  two minutes t o  reach s teady output  before  d i r e c t i n g  
t h e  beam on t h e  wafer. 

3 1 3 5 . 7  

I I I I I I I 1 I 1 
1. 112. 223. 334. . us. sss. 661. 770 ee3 1taz  

DMT a 

Fig. 3-22. Laser energy vs shot  number f o r  1 0 0 0  s h o t s  
a t  20 Hz r e p e t i t i o n  r a t e .  

T h e  r a s t e r  scanning s o f t w a r e  was m o d i f i e d  t o  a l l o w  r e a l - t i m e  
m o n i t o r i n g  of t h e  l a s e r  o u t p u t  ene rgy  d u r i n g  p r o c e s s i n g  o f  a 
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w a f e r .  F i g u r e  3-23 shows r e s u l t s  o b t a i n e d  w i t h  t h e  pho tod iode  
p r o b e  s y n c h r o n i z e d  w i t h  l a s e r  p r o c e s s i n g  o f  a w a f e r .  T h e  
d e t e c t o r  was p l a c e d  t o  v i ew t h e  w e a k  308 nm o u t p u t  t r a n s m i t t e d  
th rough  t h e  h i g h  r e f l e c t i v i t y  c a v i t y  m i r r o r  of t h e  excimer l a se r .  
I t  was found t h a t  t h e  s i g n a l  was s l i g h t l y  modulated by t h e  mot ion  
of t h e  wafer  t a b l e  due t o  feedback from l a s e r  r e f l e c t i o n  o f f  t h e  
w a f e r  a n d  t h e  g l a s s  w a f e r  h o l d e r  i n d u c e d  by e a c h  laser  o u t p u t  
p u l s e .  The  r e f l e c t i o n  and f l u o r e s c e n c e  r e t r a c e  t h e  o p t i c a l  t r a i n  
t o  t h e  l a s e r  a n d  a r e  t r a n s m i t t e d  t h r o u g h  t h e  UV c o a t e d  l a s e r  
c a v i t y  m i r r o r s  t o  t h e  d e t e c t o r .  

Fig. 3-23. Monitor of l a se r  pu l se  energy  d u r i n g  l a s e r  a n n e a l i n g  
of 4"  d i a m e t e r  wafer. Regu la r  modu la t ion  of t h e  
d e t e c t o r  s i g n a l  is due t o  r e f l e c t i o n s ,  n o t  t o  l aser  
ene rgy  v a r i a t i o n s .  

F o r  t h e  r e s u l t s  shown i n  F ig .  3 -23 ,  t h e  m o t o r i z e d  t a b l e  was 
programmed f o r  a 4.2 i n c h  long  s c a n  p a t t e r n  i n  s t e p s  o f  0 . 0 2 0 " ,  
b e g i n n i n g  j u s t  o f f  a 4 i n c h  d i a m e t e r  round wafer .  Each row of 
s p o t s  was spaced  0.021". Each c r o s s  i n  t h e  f i g u r e  r e p r e s e n t s  a 
l a s e r  p u l s e .  The low i n i t i a l  s i g n a l  level  was due t o  background 
n o i s e  f r o m  t h e  room l i g h t s ,  b e f o r e  t h e  l a s e r  was a c t i v a t e d .  
D u r i n g  t h e  e a r l y  p o r t i o n  o f  t h e  r e c o r d ,  t h e  l a s e r  s p o t  was near 
t h e  edge  of t h e  wafer and  t h e  d e t e c t o r  s i g n a l  c o r r e s p o n d s  t o  t h e  
l a s e r  s p o t  h i t t i n g  t h e  g l a s s  p l a t e  m o s t  of t h e  time. Later i n  
t h e  r e c o r d ,  t h e  scan of t h e  l a s e r  s p o t  was n e a r  t h e  midd le  of t h e  
w a f e r  and t h e  d e t e c t o r  s i g n a l  co r re sponds  t o  t h e  s p o t  h i t t i n g  t h e  
wafe r  most of  t h e  time. The f i r s t  7000  p u l s e s  o f  t h e  r u n  a r e  
shown here. The  comple te  wafer r e q u i r e d  27,000 p u l s e s .  

I n  t h e  c o m p l e t e  s c a n  of t h e  w a f e r ,  t h e r e  were no l a s e r  p u l s e  
d r o p o u t s .  The m o d u l a t i o n  of t h e  d e t e c t o r  s i g n a l  was 10% of t h e  
b a s i c  s i g n a l ,  and  t h e  v a r i a b i l i t y  o f  t h e  l a s e r  e n e r g y  r e m a i n e d  
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w i t h i n  2 5 %  f o r  t h e  c o m p l e t e  s can  o f  t h e  w a f e r .  M o n i t o r i n g  
r e c o r d s  of t h e  s m a l l  s c a l e  e x c i m e r  l a s e r  s u c h  a s  t h i s  o n e  w e r e  
made f o r  an  e q u i v a l e n t  t o t a l  of more t h a n  106 p u l s e s  and no l a s e r  
d r o p o u t s  o c c u r r e d .  The programming s o f t w a r e  was d e s i g n e d  t o  
remember t h e  e x t r e m e  h i g h  a n d  low v a l u e s  o f  l a s e r  e n e r g y  a n d  
t h e s e  f e l l  w i t h i n  25% o f  t h e  mean f o r  a n  i n t e r v a l  t h a t  
c o r r e s p o n d s  t o  a 4 "  s q u a r e  wafe r .  

3.5 . 1 . 4 Wafer Processing 

T h i s  s e c t i o n  p r e s e n t s  a d e s c r i p t i o n  of t h e  e x p e r i m e n t a l  p r o c e d u r e  
u s e d  i n  l a s e r  a n n e a l i n g  o f  w a f e r s  f o r  j u n c t i o n  f o r m a t i o n ,  a 
t a b u l a t i o n  of t h e  l a s e r  p a r a m e t e r s  f o r  each  of t h e  6 2  b a t c h e s  of 
w a f e r s  t h a t  were p r o c e s s e d ,  and a d i s c u s s i o n  of key o b s e r v a t i o n s  
t h a t  were m a d e  i n  t h e  c o u r s e  of t h e  s t u d y .  Major changes  i n  t h e  
expe r imen ta l  s e t u p  a r e  n o t e d  i n  t h e  r e m a r k s  c o l u m n  o f  t h e  
pa rame te r  tables .  

T a b l e  3 - 1  s h o w s  a n  o v e r v i e w  o f  t h e  e x c i m e r  l a s e r  a n n e a l i n g  
p a r a m e t e r s  du r ing  t h e  c o u r s e  o f  t h e  p r o j e c t .  U n l e s s  o t h e r w i s e  
n o t e d ,  e a c h  b a t c h  r e p r e s e n t s  one wafer  b e i n g  p rocessed .  A g i v e n  
w a f e r  may h a v e  b e e n  o f  3 "  o r  4 "  d i a m e t e r  a s  n o t e d  i n  t h e  
d i m e n s i o n s  i n  S e c t i o n  4 . 0 .  I n  g e n e r a l ,  each  wafer  was p r o c e s s e d  
t o  form th ree  o r  f o u r  2 c m  x 2 c m  c e l l s  depending on t h e  o r i g i n a l  
w a f e r  s i z e .  The t a b l e s  i n  S e c t i o n  4 . 0  g i v e  a d e t a i l e d  l i s t i n g  of 
t h e  f i n a l  v a l u e s  f o u n d  f o r  t h e  s o l a r  c e l l  p a r a m e t e r s  i n  e a c h  
ba tch .  

The expe r imen ta l  p r o c e d u r e  began w i t h  r echeck ing  m i r r o r  a l ignmen t  
of t h e  excimer l a s e r  a n d  o p e r a t i n g  t h e  l a s e r  f o r  a b o u t  1 5  m i n u t e s  
a t  2 0  Hz t o  e s t a b l i s h  s t e a d y  p e r f o r m a n c e .  The r e s t  of  t h e  
o p t i c a l  arrangement was t h e n  checked f o r  p r o p e r  a l i g n m e n t  u s i n g  
f i r s t  a He-Ne laser  a r r a n g e d  c o l l i n e a r  w i t h  t h e  excimer beam, and  
t h e n  t h e  e x c i m e r  l a s e r .  The l a s e r  e n e r g y  p e r  p u l s e  was t h e n  
d e t e r m i n e d ,  b o t h  a t  t h e  w a f e r  and  d i r e c t l y  o u t  o f  t h e  l a s e r .  
N e x t  t h e  o p t i c a l  s y s t e m  was a d j u s t e d  t o  e s t a b l i s h  a s h a r p l y  
f o c u s e d  s p o t  h a v i n g  d i m e n s i o n s  t h a t  y i e l d e d  t h e  desired laser  
e n e r g y  d e n s i t y  (J/cm2) a t  t h e  wafer .  The f o c u s  and  s p o t  s i z e  a t  
t h e  wafer were de t e rmined  u s i n g  t h e  i m p r i n t  p a t t e r n  o b s e r v e d  o n  
p h o t o s e n s i t i v e  p a p e r  a n d  a l s o  on  a n  i o n  i m p l a n t e d  wafe r .  The 
p u l s e  waveform was r e c o r d e d  b o t h  b e f o r e  a n d  a f t e r  a b a t c h  o f  
w a f e r s  was processed.  

The w a f e r s  were  p r e p a r e d  f o r  l a s e r  a n n e a l i n g .  With no f u r t h e r  
c l e a n i n g ,  a wafer was p l a c e d  o n  t h e  x-y t a b l e  u s i n g  n y l o n  
t w e e z e r s  a n d  c o n t a c t i n g  o n l y  t h e  e d g e  of t h e  wafer. TO remove 
d u s t  s p e c k s  on t h e  s u r f a c e ,  a he l ium g a s  stream was used .  L a t e r  
( a f t e r  Batch 5 6 )  a n  e l e c t r o s t a t i c  c l e a n i n g  d e v i c e  was i n c l u d e d  i n  
t h e  g a s  s t ream used  t o  remove r e s i d u a l  surface d u s t  f r o m  wafers.  
A l s o ,  a f t e r  B a t c h  5 6 ,  a p l a s t i c  e n c l o s u r e  was u s e d  o v e r  t h e  
w a f e r ,  t h e  x-y t a b l e ,  a n d  t h e  o p t i c s  t o  m i n i m i z e  d u s t  d u r i n g  
l a s e r  p r o c e s s i n g  o f  t h e  w a f e r  a n d  t o  p e r m i t  a c o n t r o l l e d  
a tmosphere  (N2 o r  H e  o r  Ar) a t  t h e  wafer surface.  
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I 
The l a se r  was rechecked  f o r  power o u t p u t  and ,  i f  n o t  w i t h i n  5% o f  
t h e  o r i g i n a l  power o u t p u t ,  a d j u s t m e n t s  were made e i t h e r  on t h e  
l a s e r  o r  t h e  o p t i c a l  beam h a n d i n g  s y s t e m  t o  r e - e s t a b l i s h  t h e  
d e s i r e d  l a s e r  energy d e n s i t y .  The computer commands were e n t e r e d  
t o  d e t e r m i n e  s t e p  s i z e  between laser  p u l s e s ,  row l e n g t h  t o  c o v e r  
t h e  w a f e r ,  a n d  x-y t a b l e  speed t o  o b t a i n  -20 Hz l a s e r  r e p e t i t i o n  
r a t e .  The a u t o m a t e d  l a s e r  p r o c e s s i n g  s c a n  o f  t h e  w a f e r  w a s  
i n i t i a t e d .  D u r i n g  w a f e r  p r o c e s s i n g ,  any  v i s i b l e  f l u o r e s c e n c e  
from t h e  wafer  and  from t h e  a d j a c e n t  g l a s s  s u r f a c e  was o b s e r v e d  
b y  e y e ,  a n d  t h e  p h o t o d i o d e  m o n i t o r  o f  l a s e r  p u l s e  e n e r g y  was 
w a t c h e d  t o  a s s u r e  p r o p e r  o p e r a t i o n  o f  t h e  l a s e r .  T h e  l a s e r  
a n n e a l i n g  p r o c e s s  c o u l d  b e  observed by t h e  change i n  r e f l e c t i o n  
c h a r a c t e r i s t i c s  on t h e  wafer  a s  l a s e r  a n n e a l i n g  changed t h e  s t a t e  
o f  t h e  s i l i c o n  s u r f a c e  m a t e r i a l  from amorphous t o  s i n g l e  c r y s t a l .  
A f t e r  c o m p l e t i o n  o f  l a s e r  a n n e a l i n g ,  t h e  w a f e r  was c a r e f u l l y  
removed f r o m  t h e  x-y t a b l e ,  p l a c e d  i n  a sample box and  s h i p p e d  
t h e  same d a y  by o v e r n i g h t  m a i l  f o r  f u r t h e r  p r o c e s s i n g  a n d  
t e s t i n g .  

S i x t y - t w o  g r o u p s  of w a f e r s  i n  t o t a l  were excimer l a se r  p r o c e s s e d  
f o r  p u r p o s e s  of j u n c t i o n  format ion  d u r i n g  t h i s  p r o j e c t .  D e t a i l s  
of t h e  l a s e r  a n d  x-y t a b l e  o p e r a t i n g  p a r a m e t e r s  a r e  l i s t e d  i n  
T a b l e  3-1 f o r  e a c h  set  of e x p e r i m e n t s .  V a r i o u s  l a s e r  e n e r g y  
d e n s i t i e s  a n d  s p o t  o v e r l a p  f a c t o r s  were i n v e s t i g a t e d ,  a s  w e l l  a s  
a n u m b e r  o f  d i f f e r e n t  t y p e s  o f  w a f e r s  a n d  s u r f a c e  d o p a n t  
a p p l i c a t i o n  m e t h o d s .  Wafers  t h a t  were i o n  i m p l a n t e d  showed 
l i t t l e  o r  no  l u m i n o s i t y  o f  t h e  s u r f a c e  when l a s e r  a n n e a l e d ,  
whereas  spin-on m a t e r i a l s  e x h i b i t e d  s i g n i f i c a n t  l u m i n o s i t y  due t o  
l a se r  h e a t i n g .  The i m p r i n t  of t h e  l a s e r  beam, w i t h  i t s  r e s i d u a l  
s p a t i a l  n o n u n i f o r m i t i e s ,  was r e a d i l y  v i s i b l e  on t e x t u r e d  wafers 
a n d  o n  w a f e r s  t h a t  h a d  s p i n - o n  m a t e r i a l  o n  t h e  s u r f a c e .  
Fo l lowing  t h e s e  o b s e r v a t i o n s  of s u r f a c e  damage on t e x t u r e d  and /o r  
spin-on m a t e r i a l ,  f u r t h e r  s t u d i e s  were d i r e c t e d  t o w a r d  p o l i s h e d  
w a f e r s  t h a t  were ion-implanted w i t h  phosphorus  o r  boron dopant .  

U s i n g  t h e  s m a l l  l a s e r ,  t h e  t o t a l  n u m b e r  o f  l a s e r  p u l s e s  
a c c u m u l a t e d  was m o r e  t h a n  1 0 6 .  T h e  s p o t  p a t t e r n  c o u l d  b e  
r e c o g n i z e d  on a l l  samples  due t o  a c h a n g e  i n  s u r f a c e  r e f l e c t i o n  
c h a r a c t e r i s t i c s .  We saw no e v i d e n c e  of  a s i n g l e  m i s s e d  s p o t .  
With t h e  l a r g e  l a s e r  t h e r e  was a n  o c c a s i o n a l  missed s p o t  due t o  a 
t r i g g e r  o r  s w i t c h  m a l f u n c t i o n .  However, d u r i n g  p r o c e s s i n g  t h e  
wafe r  was i n s p e c t e d  a f t e r  each laser  p u l s e  a n d  t h e  m i s s i n g  s p o t  
was f i l l e d  i n  b e f o r e  moving on t o  t h e  n e x t  s p o t .  

The beam h o m o g e n i z e r  w a s  a d d e d  t o  t h e  s m a l l  l a s e r  o p t i c a l  
a r r a n g e m e n t  a f t e r  Batch 20 .  W e  found t h a t  t h e  i n p u t  end of t h e  
r e c t a n g u l a r  q u a r t z  k a l e i d o s c o p e  c o u l d  be damaged by h i g h  l a s e r  
r e p e t i t i o n  r a t e  o r  by f o c u s i n g  t h e  l a se r  t o  t o o  s m a l l  a s p o t  i n  
t h e  q u a r t z .  For  t h i s  r e a s o n  w a f e r  p r o c e s s i n g  was l i m i t e d  t o  
l a s e r  r e p e t i t i o n  r a t e s  o f  l e s s  t h a n  2 5  Hz, a n d  t h e  o p t i c a l  
t h roughpu t  was less t h a n  optimum because  of c l i p p i n g  o f  t h e  beam 
a t  t h e  e n t r a n c e  a p e r t u r e  of t he  k a l e i d o s c o p e .  

After a n n e a l i n g  w i t h  t h e  l a rge  l a s e r ,  t h e  w a f e r  f r o m  B a t c h  1 8  
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s h o w e d  s l i g h t  s u r f a c e  d a m a g e  i n  s o m e  a r e a s ,  i n d i c a t i n g  a 
t h r e s h o l d  f o r  damage of  a b o u t  2 . 0  J / c m 2  when u s i n g  a 9 0  n s e c  
p u l s e  d u r a t i o n .  I n  t h e  case  o f  t h e  s m a l l  l a s e r  w i t h  a 30 n s e c  
p u l s e  d u r a t i o n ,  damage was obse rved  on t h e  surface of t h e  w a f e r s  
a t  a b o u t  1 . 5  J / c m 2 ,  e s p e c i a l l y  a t  t h e  e d g e s  o f  t h e  s p o t .  One 
f a c t o r  a f f e c t i n g  t h e  damage t h r e s h o l d  i s  t h e  l a s e r  p u l s e  s h a p e .  
The damage t h r e s h o l d  was l o w e r  ( a b o u t  1 . 2  J / cm2)  f o r  t h e  
s h a p e  shown i n  F i g .  3 - 1 4 ( a ) ,  whereas i t  was a b o u t  1 .5  J/cm 
t h e  l a s e r  p u l s e  shape  of F i g .  3-14(b)  . The h i g h  i n t e n s i t y  l a t e  
i n  t h e  p u l s e  o f  F i g .  3 - 1 4 ( a )  may h a v e  p r o d u c e d  e x c e s s i v e  
v a p o r i z a t i o n  and s u r f a c e  damage. 

nu',:: 

Good s o l a r  c e l l  r e s u l t s  were o b t a i n e d  from t h e  wafers p r o c e s s e d  
i n  B a t c h  2 4 .  J u s t  p r i o r  t o  t h i s  t e s t  t h e  l a s e r  h a d  b e e n  
d i s a s s e m b l e d  t o  d e t e r m i n e  t h e  r e a s o n  f o r  e x c e s s i v e  sho t - to - sho t  
v a r i a b i l i t y .  The s c r e e n  e l e c t r o d e  was smoo thed  a n d  t h e  l a s e r  
m i r r o r s  were c l e a n e d .  I n  a d d i t i o n ,  t h e  r e s i s t o r  i n  s e r i e s  w i t h  
t h e  corona  bar  was r e d u c e d ,  t h e r e b y  i n c r e a s i n g  t h e  s t r e n g t h  o f  
t h e  UV p r e i o n i z a t i o n  a n d  i m p r o v i n g  t h e  r e p r o d u c i b i l i t y  of t h e  
e l ec t r i ca l  d i s c h a r g e  i n  t h e  l a s e r  gas .  

Even  b e t t e r  s o l a r  c e l l  r e s u l t s  were o b t a i n e d  f r o m  t h e  wafers  
p r o c e s s e d  i n  Batch 26, a l t h o u g h  t h e r e  were s l i g h t  r e s i d u a l  damage 
m a r k s  o n  t h e  wafe r  s u r f a c e  a t  t h e  edges  of each  laser  s p o t .  The 
l a se r  p u l s e  waveform used i n  t h e s e  e x p e r i m e n t s  i s  shown i n  F i g .  
3 - 1 5 ( a ) .  The o v e r a l l  p u l s e  d u r a t i o n  was 30 n s e c ,  w i t h  t h e  h i g h e r  
i n t e n s i t y  du r ing  t h e  e a r l y  p a r t  of t h e  p u l s e .  The l a se r  s p o t  was 
s h a r p l y  focused on t h e  w a f e r ,  was square, and t h e  o v e r l a p  was set  
c a r e f u l l y  t o  50 p e r c e n t  i n  b o t h  d i r e c t i o n s .  H i g h e s t  c e l l  
e f f i c i e n c y  was o b t a i n e d  w i t h  a 5 k e V ,  2 . 5 ~ 1 0 1 5  cm-2 phosphorus  
i o n  i m p l a n t  us ing  Cz w a f e r s  t h a t  h a d  b e e n  c l e a n e d  p r i o r  t o  t h e  
l aser  p r o c e s s i n g .  

F o l l o w i n g  B a t c h  2 7 ,  a c a r e f u l  s t u d y  was made o f  t h e  l a s e r  
i n t e n s i t y  d i s t r i b u t i o n ,  bo th  s p a t i a l  a n d  t e m p o r a l ,  a t  t h e  e x i t  o f  
t h e  k a l e i d o s c o p e  a n d  a l s o  a t  t h e  l o c a t i o n  of t h e  wafer surface. 
P a r t i c u l a r l y  c l o s e  a t t e n t i o n  was d i r e c t e d  a t  t h e  e d g e s  o f  t h e  
s p o t  t o  see i f  t h e  i n t e n s i t y  o r  p u l s e  shape was a l t e r e d  i n  a way 
t h a t  would i n d u c e  s u r f a c e  damage s p e c i f i c a l l y  a t  t h e  edge  of e a c h  
s p o t .  A f a s t  r e s p o n s e  p h o t o d i o d e  r e c o r d e d  t h e  l aser  i n t e n s i t y  
f r o m  t h e  p o r t i o n  o f  t h e  l a s e r  beam t r a n s m i t t e d  t h r o u g h  a 2 5  
m i c r o n  p i n h o l e ,  mounted  o n  a n  x-y-z m i c r o p o s i t i o n i n g  assembly.  
I n  a d d i t i o n ,  t h e  s u r f a c e  damage on 5 k e V  i o n  implan ted  w a f e r s  was 
e x a m i n e d  a s  a f u n c t i o n  o f  t h e  l a s e r  p a r a m e t e r s  s u c h  a s  ene rgy  
d e n s i t y ,  l a s e r  p u l s e  waveform, and  edge s h a r p n e s s  o f  t h e  s p o t  o n  
t h e  wafer .  The  f o l l o w i n g  o b s e r v a t i o n s  were made: 

1. No i n d i c a t i o n s  of l a s e r  i n t e n s i t y  o r  p u l s e  waveform c h a n g e s  
n e a r  t h e  e d g e s  of  t h e  s p o t  were s e e n  o t h e r  t h a n  t h e  e x p e c t e d  
f a l l o f f  i n  i n t e n s i t y  a t  t h e  edges .  

2 .  The t o p  and b o t t o m  of t h e  s p o t  showed more a b r u p t  i n t e n s i t y  
changes  t h a n  d i d  t h e  s i d e s .  The damage t o  t h e  w a f e r  was more 
s e v e r e  a t  t h e  t o p  and bottom edges .  The l a s e r  o u t p u t  had g r e a t e r  
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beam s p r e a d  up a n d  down, f i l l i n g  t h e  k a l e i d o s c o p e  b e t t e r  a n d  
m a k i n g  t h e  i n t e n s i t y  g r a d i e n t  s h a r p e r  a t  t h e  o u t p u t  o f  t h e  
k a l e i d o s c o p e .  

3 .  S u r f a c e  damage a p p e a r e d  t o  b e  e s s e n t i a l l y  t h e  same whether  
s i n g l e  s p o t s  w e r e  u s e d ,  o r  m u l t i p l e  s p o t s  w i t h  5 0  p e r c e n t  
o v e r 1  ap. 

4 .  By s i g n i f i c a n t l y  d e f o c u s i n g  t h e  s p o t  on  t h e  w a f e r  i t  was  
p o s s i b l e  t o  e l i m i n a t e  t h e  edge  damage t h a t  was o b s e r v e d .  W i t h  
h i g h e r  l a s e r  e n e r g y  d e n s i t y  i n  t h e  c e n t r a l  p o r t i o n  of t h e  s p o t  
(1 .6  t o  1 . 7  J / c m 2 )  a s p e c k l e  p a t t e r n  of surface damage was s e e n ,  
b u t  w i t h  no edge  damage n o t i c e a b l e .  

5 .  W a f e r s  w i t h  h i g h e r  i o n  i m p l a n t  d o s e  s h o w e d  g r e a t e r  
s u s c e p t i b i l i t y  t o  damage t h a n  w a f e r s  w i t h  low dose .  Any s u r f a c e  
f i l m  on t h e  wafe r  reduced t h e  damage t h r e s h o l d .  

6. S l i g h t  l u m i n o s i t y  was seen on t h e  wafer  s u r f a c e  a s  t h e  l a s e r  
s p o t  i m p i n g e d  when t h e  l a b o r a t o r y  was darkened.  The l u m i n o s i t y  
may have  been due t o  v a p o r i z a t i o n  o f  S i ,  P, o r  a t h i n  r e s i d u a l  
s u r f a c e  l a y e r  such a s  S i02 .  

I t  was c o n c l u d e d  f r o m  t h e s e  o b s e r v a t i o n s  t h a t  t h e  edge s u r f a c e  
damage was due t o  v a p o r i z a t i o n  of t h e  s u r f a c e  a n d  t h e  r e s u l t i n g  
s h a r p  p r e s s u r e  g r a d i e n t s  a t  t h e  e d g e  of  t h e  s p o t  caused  by t h e  
s h a r p  l a se r  s p o t  i n t e n s i t y  g r a d i e n t s .  Only a t  t h e  edge c o u l d  t h e  
v a p o r  move l a t e r a l l y ,  c a u s i n g  movement of t h e  s u r f a c e  melt l a y e r  
d u r i n g  t h e  b r i e f  (100 n s e c )  melt time. A simple c a l c u l a t i o n  o f  
t h e  d i s t a n c e  t r a v e l e d  by a c o u s t i c  waves  i n  t h e  v a p o r  d u r i n g  a 
p e r i o d  o f  50 n s e c  y i e l d s  a n  e s t ima te  f o r  t h e  w i d t h  o f  t h e  e d g e  
damage r e g i o n  of approximate ly  30 microns ,  which c o r r e s p o n d s  well 
t o  t h e  wid th  of t h e  edge damage l i n e s  t h a t  were obse rved  on t h e s e  
wafe r s .  

E x p e r i m e n t s  c o n f i r m e d  t h a t  two e f f e c t s ,  namely laser  i n t e n s i t y  
g r a d i e n t s  and  v o l a t i l e  s u r f a c e  con taminan t s ,  p l a y e d  a r o l e  i n  t h e  
amount of s u r f a c e  damage produced. For c o n s t a n t  l a se r  p r o c e s s i n g  
c o n d i t i o n s ,  v a r i a t i o n s  i n  t h e  wafer  c l e a n i n g  p r o c e d u r e  i n f l u e n c e d  
t h e  amount of s u r f a c e  damage, i n d i c a t i n g  t h a t  sometimes t h e r e  was 
some v o l a t i l e  ma te r i a l  p r e s e n t  o n  t h e  s u r f a c e  a t  t h e  t ime of  
l a s e r  p r o c e s s i n g .  S i m i l a r l y ,  w a f e r s  t h a t  were c l e a n e d  t h e  same 
way showed t h a t  t h e  amount of damage produced was v e r y  s e n s i t i v e  
t o  t h e  l a s e r  ene rgy  d e n s i t y ,  even ove r  t h e  narrow range  from 1 . 4  
J/cm2 t o  1 .5  J / c m 2 ,  and t o  t h e  s h a r p n e s s  of focus .  

Af t e r  o b t a i n i n g  good s o l a r  cell  r e su l t s  from t h e  w a f e r s  o f  B a t c h  
2 6 ,  l a t e r  r e s u l t s  were n o t  a s  good a n d  a n  e f f o r t  was made t o  
d u p l i c a t e  t h e  r e s u l t s  o f  B a t c h  2 6 .  D i f f e r e n c e s  i n  l a s e r  
p a r a m e t e r s  b e t w e e n  B a t c h  26 and l a t e r  expe r imen t s  may have been  
r e s p o n s i b l e  f o r  t h i s  change i n  resul ts .  The f o l l o w i n g  changes  i n  
t h e  l aser  had been made: 

1. The p u l s e  waveform f o r  Ba tch  26 was shown i n  F i g .  3 -15(a)  
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w h e r e a s  t h e  l a t e r  waveform w a s  s h o w n  i n  F i g .  3 - 1 5 ( b )  . T h e  
o v e r a l l  p u l s e  d u r a t i o n  i n  t h e  two cases is 25  nsec b u t  t h e r e  i s  
some d i f f e r e n c e  i f i  t h e  waveforms. 

2 .  F o l l o w i n g  Batch  37,  t h e  o p t i c a l  a r rangement  f o r  f o c u s i n g  t h e  
o u t p u t  of t h e  beam h o m o g e n i z e r  o n t o  t h e  w a f e r  was  i n t e n d e d  t o  
improve by adding a second l e n s .  Improved f o c u s  produced s h a r p e r  
images,  which c o u l d  h a v e  l a r g e r  g r a d i e n t s  i n  i n t e n s i t y  a t  t h e  
w a f e r  s u r f a c e  i f  t h e  o u t p u t  f r o m  t h e  beam h o m o g e n i z e r  i s  
nonuniform. The q u a r t z  s u r f a c e  a t  t h e  o u t p u t  of t h e  h o m o g e n i z e r  
was w e l l  p o l i s h e d ,  b u t  s t i l l  showed many f i n e  scratches and  t i n y  
m a r k s .  

3 .  A f t e r  Ba tch  37 a n d  b e f o r e  B a t c h  4 3 ,  t h e  beam h o m o g e n i z e r  
be ing  used was damaged a n d  was r e p l a c e d  w i t h  o n e  t h a t  h a d  n o t  
b e e n  a s  w e l l  p o l i s h e d  on  t h e  e n d s  by t h e  s u p p l i e r .  The f i n e l y  
s t r u c t u r e d  n o n u n i f o r m i t i e s  o n  t h e  o u t p u t  e n d  were f o c u s e d  o n t o  
t h e  wafer  and may have c o n t r i b u t e d  t o  s u r f a c e  damage. 

F o l l o w i n g  B a t c h  5 6 ,  w e  m o d i f i e d  t h e  o p t i c a l  a r r a n g e m e n t  t o  
r e p r o d u c e  t h e  s e t u p  u s e d  f o r  Batch 26. The second l e n s ,  hav ing  
s h o r t  f o c a l  l e n g t h ,  was r e m o v e d ,  a n d  a h i g h  q u a l i t y  beam 
h o m o g e n i z e r  was s u b s t i t u t e d  f o r  t h e  o n e  w i t h  poor  q u a l i t y .  N o  
change i n  p u l s e  waveform was a t t e m p t e d .  The r e s u l t i n g  l a s e r  s p o t  
a p p e a r e d  ve ry  uniform a c r o s s  t h e  c e n t r a l  r e g i o n  c o v e r i n g  80  t o  90 
p e r c e n t  of t h e  l i n e a r  span.  However, t h e  i n t e n s i t y  a t  t h e  e d g e s  
o f  t h e  s p o t  d e c r e a s e d  o v e r  a l a r g e r  d i s t a n c e  t h a n  when t h e  d u a l  
l e n s  arrangement  was used f o r  r e f o c u s i n g  t h e  o u t p u t  o f  t h e  beam 
h o m o g e n i z e r  o n t o  t h e  w a f e r .  T h e  l a s e r  s p o t  s i z e  w a s  
a p p r o x i m a t e l y  1 mm by 1 m m ,  a n d  t h e  l i n e a r  d i m e n s i o n  f o r  t h e  
l a s e r  i n t e n s i t y  t o  f a l l  from 90% t o  1 0 %  of  t h e  maximum v a l u e  was 
a b o u t  0 . 1  mm. 

T h e  o b s e r v e d  d a m a g e  o n  w a f e r s  t h a t  were l a s e r  a n n e a l e d  was 
s imi la r  t o  t h a t  o b t a i n e d  i n  Batch 26; t h e r e  was v e r y  l i t t l e  o r  no  
damage o v e r  t h e  c e n t r a l  p o r t i o n  o f  e a c h  s p o t ,  w i t h  n o t i c e a b l e  
s h o r t  l i n e  s e g m e n t s  o f  damage a t  t h e  f o u r  e d g e s  o f  e a c h  s p o t .  
T h e s e  o b s e r v a t i o n s  r e g a r d i n g  s u r f a c e  damage i n d i c a t e  t h a t  t h e  
d i f f e r e n c e s  were d u e  p r i m a r i l y  t o  t h e  o p t i c s  a n d  n o t  t o  t h e  
d i f f e r e n c e s  i n  pulse  waveform o r  t o  s u r f a c e  c l e a n l i n e s s .  

A t  t h e  t i m e  of i n s t a l l a t i o n  of t h e  h i g h  q u a l i t y  beam homogenizer ,  
t h e  s q u a r e  o u t p u t  f a c e  was n o t  o r i e n t e d  t o  be i n  r e g i s t r y  w i t h  
t h e  d i r e c t i o n s  o f  t r a v e l  of  t h e  m o t o r i z e d  t a b l e  c a r r y i n g  t h e  
w a f e r .  A s  a r e s u l t ,  t h e  e d g e s  o f  t h e  s p o t s  were a b o u t  5' o f f  
f r o m  b e i n g  p a r a l l e l  and  p e r p e n d i c u l a r  w i t h  t h e  d i r e c t i o n s  o f  
t r a v e l .  T h i s  e f f e c t  r e d u c e d  t h e  u n i f o r m i t y  o f  o v e r l a p  o f  t h e  
l a s e r  s p o t s  and l e d  t o  r e g i o n s  of nonun i fo rmi ty  i n  t h e  i n t e g r a t e d  
l a s e r  e n e r g y  d o s e  a p p l i e d  t o  t h e  w a f e r  s u r f a c e .  T h i s  
misa l ignment  was n o t i c e d  a f t e r  Batch 58 and was t h e n  c o r r e c t e d .  

I n  o r d e r  t o  r e d u c e  t h e  p o s s i b i l i t y  o f  a c c u m u l a t i o n  o f  d u s t  
p a r t i c l e s  on t h e  wafer d u r i n g  t h e  l aser  a n n e a l i n g  p r o c e s s ,  a d u s t  
cove r  was p laced  over  t h e  o p t i c a l  assembly  and  w a f e r  t r a n s l a t i o n  
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t ab les .  T h i s  e n c l o s u r e  was p u r g e d  w i t h  h i g h  p u r i t y  a i r  f r o m  a 
h i g h  p r e s s u r e  g a s  s t o r a g e  tank. The a i r  was i n t r o d u c e d  i n t o  t h e  
e n c l o s u r e  t h r o u g h  a n  e l e c t r o s t a t i c  a i r  f i l t e r .  V i s u a l  
o b s e r v a t i o n  of t h e  helium-neon a l ignmen t  l a s e r  showed no e v i d e n c e  
of d u s t  i n  t h e  a i r  i n  t h e  e n c l o s u r e .  However ,  e v e n  w i t h  t h e s e  
p r e c a u t i o n s ,  and  t h e  u s e  of d u s t  f r e e  a i r  f l ow o v e r  t h e  wafe r  t o  
remove s u r f a c e  d u s t  p r i o r  t o  i n s t a l l a t i o n  o n  t h e  t r a n s l a t i o n  
t a b l e ,  l u m i n o u s  s p e c k s  were o c c a s i o n a l l y  obse rved  on t h e  wafe r  
s u r f a c e  d u r i n g  t h e  l a s e r  a n n e a l i n g  p r o c e s s .  T h e s e  specks o f  
l u m i n o s i t y  o c c u r r e d  w h e n  t h e  UV laser  impinged o n  d u s t  o r  o t h e r  
m a t e r i a l  c l i n g i n g  t o  t h e  s u r f a c e .  T h e s e  r e g i o n s  c a n  p r o d u c e  
s h a d o w i n g  of  t h e  l a s e r  beam, a d d i t i o n a l  s u r f a c e  damage on t h e  
w a f e r ,  and  i m p u r i t i e s  i n c o r p o r a t e d  i n t o  t h e  j u n c t i o n .  A l l  o f  
t h e s e  e f f e c t s  c a n  d e g r a d e  p e r f o r m a n c e  of t h e  f i n a l  s o l a r  c e l l s  
produced by t h e  u s e  of  laser  annea l ing  t o  form t h e  j u n c t i o n .  

3.5.2 H e t U l b a U m  

Laser p h o t o d e p o s i t i o n  e x p e r i m e n t s  f o r  t h e  m e t a l l i z a t i o n  p r o c e s s  
s t e p  w e r e  i n v e s t i g a t e d  u s i n g  b o t h  t u n g s t e n  a n d  a l u m i n u m  
c o n t a i n i n g  g a s  c a r r i e r s .  The excimer l aser  was o p e r a t e d  a t  1 9 3  
nm and was c h a r a c t e r i z e d  w i t h  r e g a r d  t o  e n e r g y  p e r  p u l s e ,  p u l s e  
wavefo rm,  o p t i c a l  a t t e n u a t i o n  f r o m  t h e  l a se r  t o  t h e  wafe r ,  and 
f o c a l  l i n e  d imens ions  a t  t h e  wafer .  P r o c e d u r e s  f o r  o p e r a t i n g  t h e  
WF6 a n d  A 1  (CH3) 3 g a s  s u p p l i e s  were e s t a b l i s h e d .  S e v e r a l  w a f e r s  
and g l a s s  s l i d e s  were processed  a t  v a r i o u s  l a se r  ene rgy  d e n s i t i e s  
a n d  g a s  c o m p o s i t i o n s  a n d  p r e s s u r e s  i n  o r d e r  t o  d e t e r m i n e  t h e  
s t i c k i n g  c h a r a c t e r i s t i c s  a n d  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  
l i n e s  t h a t  were d e p o s i t e d  by t h i s  method, Both W and A 1  l i n e s  
t h a t  were - 1 O O O A  t h i c k  and which  c o u l d  p a s s  t h e  a d h e s i v e  t a p e  
a d h e r e n c e  t e s t  were s u c c e s s f u l l y  d e p o s i t e d .  However, a n a l y s i s  of 
t h e  metal d e p o s i t s  u s i n g  Auger s p e c t r o s c o p y  r e v e a l e d  t h a t  b o t h  
t h e  W a n d  A 1  d e p o s i t s  c o n s i s t e d  p r i m a r i l y  o f  meta l  o x i d e s .  
E f f o r t s  t o  r e d u c e  t h e  o x i d a t i o n  u s i n g  f l o w i n g  g a s  d u r i n g  t h e  
w a f e r  p r o c e s s i n g  were  n o t  s u c c e s s f u l  and t h e  s o u r c e  of t h e  oxygen 
c o n t a m i n a t i o n  is n o t  known. 

L a s e r  s i n t e r i n g  o f  s i l i c o n  w a f e r s  p l a t e d  w i t h  t i t a n i u m ,  
p a l l a d i u m ,  a n d  s i l v e r  l a y e r s  was i n v e s t i g a t e d  t o  see i f  l a s e r  
h e a t i n g  o f  t h e  s u r f a c e  w o u l d  b o n d  t h e  p l a t e d  metal  t o  t h e  
s i l i c o n .  Laser photodecomposi t ion of s i l i c o n  wafers c o a t e d  w i t h  
a s o l i d  o r g a n i c - s i l v e r  compound was a l s o  i n v e s t i g a t e d  t o  see i f  
s i l v e r  cou ld  be d e p o s i t e d  on t h e  wafer u s i n g  a p u l s e d  UV l a s e r .  
S e v e r a l  w a f e r s  were p r o c e s s e d  a t  v a r i o u s  e n e r g y  d e n s i t i e s ,  
p r e s s u r e s ,  and  t e m p e r a t u r e s  i n  o r d e r  t o  d e t e r m i n e  t h e  a d h e s i o n  
p r o p e r t i e s  and chemica l  composi t ion  of t h e  p h o t o d e p o s i t e d  l i n e s .  

3.5.2.1 Excimer Laser C h a r a c t e r i s t i c s  

S h o r t l y  a f t e r  b e g i n n i n g  l a s e r  CVD m e t a l l i z a t i o n  e x p e r i m e n t s  
( f o l l o w i n g  Batch  5) a c o r o n a  b a r  f a i l u r e  o n  t h e  l a s e r  r e q u i r e d  
r e p a i r .  A l o n g  w i t h  r e p a i r  o f  t h e  c o r o n a  b a r ,  t h e  l a s e r  was 
c l e a n e d  a n d  t h e  a n o d e  e l e c t r o d e  p r o f i l e  w a s  m o d i f i e d  b y  
s u b s t i t u t i n g  a new s t a n d a r d  EXC-1 anode which had a more rounded 
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con tour .  These changes  produced b e t t e r  193  nm l a s e r  p e r f o r m a n c e  
and t h e  l a s e r  was c h a r a c t e r i z e d  i n  t h i s  form. 

The energy  per  p u l s e  was t y p i c a l l y  20 m J  a n d  t h e  p u l s e  wavefo rm 
w a s  a d o u b l e  p e a k  h a v i n g  a 30 n s e c  f u l l  w i d t h ,  h a l f  maximum 
d u r a t i o n ,  a s  shown i n  F i g .  3-24. The g a s  l i f e t i m e  was l i m i t e d  t o  
250 t o  500 s h o t s  b e f o r e  t h e  e n e r g y  f e l l  o f f  by 25% due t o  g a s  
con taminan t s  t h a t  b u i l d  u p  i n  t h e  l a s e r  chamber .  The g a s  l i f e  
s t e a d i l y  improved w i t h  t h e  number of g a s  f i l ls .  Gas l i f e  i s  much 
b e t t e r  ( b y  a f a c t o r  of 1 0 0  t o  1 0 0 0 )  o n  l a s e r s  t h a t  h a v e  b e e n  
o p e r a t e d  w i t h  F2 ,  b u t  n o t  w i t h  H C l ,  i n  t h e  g a s  mix tu re .  

The  l a se r  beam a t t e n u a t i o n  was  a f a c t o r  o f  2 b e t w e e n  t h e  l a s e r  
o u t p u t  a n d  t h e  w a f e r  s u r f a c e .  T h i s  l o s s  was made u p  o f  9 0 %  
r e f l e c t i v i t y  from each  o f  3 t u r n i n g  m i r r o r s  ( i n c l u d i n g  a p e r t u r e  
c l i p p i n g ) ,  1 0 %  a b s o r p t i o n  i n  a m b i e n t  a i r  a t  1 9 3  nm, 8 5 %  
t r a n s m i s s i o n  t h r o u g h  t h e  u n c o a t e d  q u a r t z  w i n d o w I  a n d  9 0 %  
t r a n s m i s s i o n  through t h e  c y l i n d r i c a l  l e n s .  

The f o c a l  s p o t  s i z e  a t  t h e  w a f e r  was 1 t o  2 cm l o n g  b y  0 . 1  mm 
wide .  With t h e  l a s e r  o p e r a t i n g  a t  20 m J  p e r  p u l s e  and 50% l o s s  
th rough  t h e  o p t i c s ,  t h e  a v e r a g e  l a se r  ene rgy  d e n s i t y  i n c i d e n t  o n  
t h e  w a f e r  was 0 . 5  t o  1 . 0  J /cm2.  T h i s  v a l u e  was h i g h  enough t o  
b r i n g  t h e  s i l i c o n  s u r f a c e  t o  o r  n e a r  t h e  m e l t i n g  p o i n t .  A 50% 
a t t e n u a t o r  a t 1 9 3  nm was a v a i l a b l e  t o  d e c r e a s e  t h e  a p p l i e d  ene rgy  
d e n s i t y  by a f a c t o r  o f  2.  

a. F resh  g a s  2 1  m J  
p u l s e  ene rgy  

b. A f t e r  250 p u l s e s  
20 m J  p u l s e  ene rgy  

P i g .  3-24. Laser pulse waveforms measured a f t e r  Batch 9 ,  and 
ob ta ined  a f t e r  l a s e r  r e p a i r  f o l l o w i n g  Batch  5. 
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3.5.2.2 Gas Supply Procedure  

A s t a t i c  g a s  f i l l  a p p r o a c h  was  u s e d  i n i t i a l l y  i n  t h e  
m e t a l l i z a t i o n  e x p e r i m e n t s .  A f t e r  e v a c u a t i n g  a n d  f l u s h i n g  a l l  
l i n e s  a n d  t h e  p r o c e s s  chamber w i t h  a r g o n ,  a n  i n t e r m e d i a t e  g a s  
s t o r a g e  chamber  was p r e s s u r i z e d  ( t o  5 p s i a )  w i t h  WF6 and a n o t h e r  
chamber  was p r e s s u r i z e d  ( t o  8 p s i a )  w i t h  H2. E i t h e r  of t h e s e  
g a s e s  c o u l d  be added i n t o  t h e  p r o c e s s  chamber a t  low pressure (-1 
t o r r )  by f i r s t  f i l l i n g  a s h o r t  l i n e  s e g m e n t  t o  t h e  p re s su re  o f  
t h e  i n t e r m e d i a t e  chamber  and t h e n  t r a n s f e r r i n g  t h i s  l i m i t e d  
volume of  g a s  i n t o  t h e  p r o c e s s  chamber. Higher  p a r t i a l  p r e s su re  
of  e i t h e r  g a s  was  o b t a i n e d  by r e p e a t i n g  t h e  p rocedure .  I f  b o t h  
g a s e s  were i n t r o d u c e d ,  a b r i e f  time (a few m i n u t e s )  f o r  mixing i n  
t h e  chamber  was a l l o w e d ,  which is s u f f i c i e n t  when t h e  t o t a l  g a s  
p r e s s u r e  was under  20 t o r r .  The chamber was pumped down t o  l ess  
t h a n  5 mto r r  and t h e  observed  o u t g a s i n g  r a t e  was less  t h a n  1 t o  2 
mto r r  p e r  m i n u t e .  

T h e  A l ( C H 3 1 3  was s t o r e d  a s  a l i q u i d  w i t h  a n  i n e r t  g a s  
o v e r p r e s s u r e .  For each  usage  t h e  i n e r t  g a s  was e x h a u s t e d  a n d  a n  
i n t e r m e d i a t e  l i n e  was f i l l e d  w i t h  Al(CH3) 3 t o  i t s  vapor  pressure 
( 9  t o r r  a t  2OoC) and t h e n  t r a n s f e r r e d  i n t o  t h e  chamber. H2 a l s o  
c o u l d  b e  a d d e d  a s  d e s c r i b e d  a b o v e .  F o l l o w i n g  t h e  d a y ' s  
e x p e r i m e n t s  t h e  s t o r a g e  b o t t l e  of Al(CH313 was r e p r e s s u r i z e d  w i t h  
a rgon  t o  a b o u t  1 atm. 

Later  expe r imen t s  used a s teady  f low th rough  t h e  chamber i n  o r d e r  
t o  r e d u c e  t h e  d e p l e t i o n  o f  WF6 and t o  minimize  c o n t a m i n a t i o n  by 
0 2 .  The mixt t l re  r a t i o  was s e t  by a d j u s t i f i g  t h e  nass f low nf each 
c o n s t i t u t e n t  w i t h  t h e  f l o w  c o n t r o l l e r s  o n  t h e  g a s  h a n d l i n g  
s y s t e m .  The t o t a l  p r e s s u r e  was t h e n  s e t  by manual ly  t u r n i n g  t h e  
pump-out v a l v e  o n  a n d  o f f  w h i l e  m o n i t o r i n g  t h e  t o t a l  p r e s s u r e  
w i t h  a mechanical  p r e s s u r e  gauge (0-50 t o r r ) .  

3.5.2.3 Wafer P r o c e s s i n g  

The same r e m a r k s  f o u n d  i n  S e c t i o n  3.5.1.4 r e g a r d i n g  b a t c h  s i z e  
and number of c e l l s  a p p l y  i n  t h i s  s e c t i o n .  

The f i r s t  expe r imen t s  u t i l i z e d  WFg a s  t h e  p r o c e s s  g a s .  Review of 
t h e  l i t e r a t u r e  y i e l d e d  t h e  u l t r a v i l o t  o p t i c a l  a b s o r p t i o n  cu rve2  
shown i n  F ig .  3-25. A t  1 9 3  nm t h e  a b s o r p t i o n  c r o s s  s e c t i o n  i s  
3 . 5 ~ 1 0 ' 1 9  cm2, r e q u i r i n g  a p a r t i a l  p r e s s u r e  of 85  t o r r  t o  r e a c h  
a n  a b s o r p t i o n  c o e f f i c i e n t  of 1 cm-1.  Much lower  p r e s s u r e s  were 
used t o  minimize t h e  p roduc t ion  of p a r t i c l e s  i n  t h e  g a s  f o l l o w i n g  
p h o t o d e c o m p o s i t i o n  by t h e  l a s e r .  The a b s o r p t i o n  c o e f f i c i e n t  f o r  
Al(CH313 a t  193  nm is  much l a r g e r . 3  

The x-y t a b l e  c a r r y i n g  t h e  o p t i c s  was c o n t r o l l e d  by m a n u a l l y  
e n t e r i n g  commands t o  t h e  s t e p p e r  motor c o n t r o l  box. A se r ies  of  
a d j a c e n t  l i n e s  p a r a l l e l  t o  each  o t h e r  c o u l d  be a p p l i e d  t o  t h e  
w a f e r  a t  a n y  d e s i r e d  s p a c i n g .  I n  i n i t i a l  expe r imen t s  t h e  l i n e s  
w e r e  s p a c e d  b y  0 . 2  i n c h e s  t o  a s s u r e  t h a t  e a c h  l i n e  w a s  
i n d e p e n d e n t .  S p a c i n g  c l o s e r  t h a n  0 . 1  i n c h e s  l e d  t o  o v e r l a p  of 
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d e p o s i t i o n  on  t h e  window, w h i c h  i n t e r f e r e d  wi th  passage of t h e  
l aser  beam through t h e  window when one l i n e  f o l l o w e d  a p r e v i o u s  
l i n e .  

1°-''K 
10'" 

2200 2400 

WAVELENGI" (A) 

Fig- 3-25. WF6 abso rp t ion  c r o s s  sec t ion .  

T h e  p a r a m e t e r s  u s e d  i n  t h e  i n i t i a l  m e t a l l i z a t i o n  e x p e r i m e n t s  
conduc ted  w i t h o u t  f l o w i n g  a s  a r e  l i s t e d  i n  Table  3-2. Both W 
and A1 l i n e s  t h a t  were -1000 1 t h i c k  and which could p a s s  t h e  t a p e  
adherence t e s t  were s u c c e s s f u l l y  depos i ted .  Howeverr a n a l y s i s  of 
t h e  metal depos i t s  us ing  Auger s p e c t r o s c o p y  r e v e a l e d  t h a t  b o t h  
t h e  W and A 1  d e p o s i t s  c o n s i s t e d  of metal ox ides  r a t h e r  t han  pure  
metal  . 
Wafer s  were t h e n  p r o c e s s e d  u s i n g  t h e  best c o n d i t i o n s  i d e n t i f i e d  
i n  t h e  s t a t i c  gas e x p e r i m e n t s ,  e x c e p t  t h a t  e x t r a  e f f o r t  was 
expended t o  e l i m i n a t e  oxygen f rom t h e  sys t em.  A l l  of t h e  g a s  
l i n e s  were pumped o u t  and f l u s h e d  s e v e r a l  times, t h e  chamber was 
p a s s i v a t e d  by exposure t o  WF6 o r  A 1  (CH3) 3 r  and t h e  g a s  was flowed 
d u r i n g  p r o c e s s i n g  t o  e l i m i n a t e  c o n t a m i n a t i o n  f r o m  s m a l l  a i r  
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l e a k s .  The p a r a m e t e r s  u s e d  i n  t h e s e  m e t a l l i z a t i o n  experiments  
a r e  summarized i n  Table  3-3. 

A p r e l i m i n a r y  i n v e s t i g a t i o n  was  a l s o  made o f  f i n e  l i n e  
m e t a l l i z a t i o n  by u s i n g  t h e  p u l s e d  A r F  l a s e r  ( A  = 1 9 3  nm) t o  
e i t h e r  s i n t e r  a p l a t e d  m e t a l  o n t o  t h e  s i l i c o n  w a f e r  o r  t o  
photodecompose a s o l i d  m e t a l  o r g a n i c  compound t h a t  h a d  b e e n  
a p p l i e d  t o  t h e  w a f e r .  T h e  wafers f o r  s i n t e r i n g  had been p l a t e d  
wi th  l a y e r s  of T i ,  Pd, and  Ag. The s i n t e r i n g  was done  a t  room 
t e m p e r a t u r e  i n  a i r  and l a s e r  e n e r g y  d e n s i t i e s  of  -1.5 and 0.8 
J / cm2  w i t h  v a r i o u s  numbers of s h o t s  i n v e s t i g a t e d .  V i s i b l e  marks 
were made on t h e  metal  s u r f a c e  by t h e  l a s e r .  T h e  p a r a m e t e r s  
i n v e s t i g a t e d  a r e  l i s t e d  i n  Table 3-4. 

The photodecomposition experiments were done  w i t h  w a f e r s  c o a t e d  
w i t h  s i l v e r  neodecanoa te .  The  w a f e r s  were processed i n  a i r  a t  
a t m o s p h e r i c  p r e s s u r e  and  a t  b o t h  room tempera ture  and - 7 O O C  t o  
promote b e t t e r  adhesion. Two a p e r t u r e s  were placed i n  t h e  l a s e r  
beam o u t s i d e  of t h e  c a v i t y  i n  o rder  t o  o b t a i n  a sharper  f o c u s  and  
t o  improve  t h e  uni formi ty  by removing weak l i g h t  a t  t h e  edges of 
t h e  beam. T h i s  l i g h t  p r o b a b l y  a r i s e s  f r o m  a d i a m o n d  mode 
p a r a s i t i c  o s c i l l a t i o n  i n v o l v i n g  r e f l e c t i o n  from t h e  l a s e r  
e l e c t r o d e s .  Exposing t h e  s i l v e r  neodecanoate t o  t h e  l a s e r  caused  
d u s t  t o  b e  a b l a t e d  from t h e  w a f e r  and  l e f t  v i s i b l e  l i n e s  o f  
sh iny ,  r e f l e c t i v e  m a t e r i a l  deposited on t h e  w a f e r .  I n  a d d i t i o n  
t o  a number of  l i n e s ,  s e v e r a l  g r i d s  o f  l i n e s  were depos i t ed  t o  
f o r m  c e l l s  f o r  e v a l u a t i o n .  The p a r a m e t e r s  u s e d  i n  t h e s e  
experiments  a r e  summarized i n  Table 3-4. 

3.5.3 -tion 

P a s s i v a t i o n  of  S i  s o l a r  c e l l s  by p h o t o d e p o s i t i n g  S i 0 2  from a 
S i H 4 / N 2 0  m i x t u r e  u s i n g  a n  A r F  ( A  = 1 9 3  n m )  l a s e r  w a s  
i n v e s t i g a t e d .  Energy d e n s i t i e s  of 0 .02  J/cm2 and 0.5 J / c m Z  were 
i n v e s t i g a t e d  by using both a n  unfocused a n d  l o o s e l y  focused s p o t .  
B e s t  r e s u l t s  were o b t a i n e d  w i t h  t h e  unfocused spot .  The s p o t s  
were ove r l apped  by 50% i n  o r d e r  t o  a c h i e v e  b e t t e r  u n i f o r m i t y .  
For t h e s e  exper iments ,  t h e  ArF l a s e r  beam impinged normal t o  t h e  
wafer s u r f a c e  r a t h e r  than p a r a l l e l  t o  it a s  repor ted  by Boyer, e t  
a l . 4  T h e  c o n d i t i o n s  i n v e s t i g a t e d  a r e  l i s t e d  i n  T a b l e  3-5. 
Because  of t ime l i m i t a t i o n s  t h e  r ange  of p a r a m e t e r s  was  n o t  
ex tens ive .  

The f i r s t  s a m p l e s  o f  S i 0 2  t h a t  were d e p o s i t e d  were found  t o  
c o n t a i n  a f e w  percent  ni t rogen.  I n  an  e f f o r t  t o  e l i m i n a t e  t h i s  
impur i ty ,  02  and S i H 4  were mixed by d i l u t i n g  2 t o r r  of S iH4  i n  30 
t o r r  A r  and 0 2  m i x t u r e s .  Time l i m i t a t i o n s  prevented o p t i m i z a t i o n  
O f  t h e  SiHq/Ar/O2 m i x t u r e s .  I t  should be noted t h a t  Mishima, e t  
a 1  have  r e p o r t e d  d e p o s i t i n g  S i 0 2  by p h o t o l y s i s  of Si2H6 d i l u t e d  
i n  N2 p l u s  0 2  using a low p res su re  mercury lamp.5 Later samples 
o f  S i 0 2  d e p o s i t e d  w i t h  S i H 4 / N 2 0  m i x t u r e s  d i d  n o t  show t h e  
n i t r o g e n  impuri ty .  

3-51 



Lc a w .  a a  
3 p  

e e  
. 
yr a a d 

'0 
Lc 
9 m P P  

\o r o a m  

e 
rl 

a m  W 

Lc a/ 
E" 

PI 
X 

N 
E 

(Y 
X 

N 
E 

N O N  N 

. 
81 

m gp 
N r 

0 m a n  

13 1 

0 
N 

W 
d 

w 
W P ?  

f i o  
rl 

0 
d 
0 
0. - 

0 
0 

0 0  e o  
02:  

0 
0 
PI 

m m  
a b  
G O 1  

a 
5 e .. . . 

d - 0  
0 0  

InInul  I 
0 

" 
N 

" 
n ! 

I 
. $- 
: $ 9  l a -  

$ 0  
U 
d m 

3-52 



9 
d a 

SI s: s: 

(3 
rl 

m (Yo 
rl 

(Y 
X 

(Y 
I 

(Y 
X 

(Y 
X 

w o  d (3 

t 
k 
bl 
Q 

a 
Q 
4 
rl cn 

(YN 
d d  

x x  
(Y 
d 

X 

? 
0 

(Y 
d 

w 
-! 
0 

N 
d 

X 

a 
Q 
4 
rl cn 

e 
Q 
4 
d 
111 

n 
b e x  

1; 8 
X 

? 
0 

? ?  
0 0  ? 

0 

d a m a 
rl u 

m 
0 
4 
r( 
W 

1 
3 
W 
W 
4 
c1 0 a 

9 
rl u 

3-53 



0 
0 

0 1 0  

2" 2 

0 4  

m 

4 
0 "" 

d d  

8 



c 
0 
21 
U 
rl 

Q U 

H 
0 

b4 

m 5 r  
I A  m c 
Q O  
4 - 4  

rl 
rl 
la 
U 

P 
9) 

P) 
C 
4 
Ir 

m 
4 8 %  
d i d  

0 :  
U I )  
d 

0 s: s: m 
0 

O m  m 

0 
rl 

N 
m 

N 
X 

N 
X 

U 
9 

1 
z 
U 
la 
W 
b4 
Y c 
3 

f 
9) 
rl u 
I 

0 
rl 

-E : 

'4 
4 

f 
N 
rl 

K 

? 
0 

m m  
9 ) Q  

4 d  
r l l  a m 

0 

c m  

z 
0 
N 

8 
2 

3-55 

'4 
rl 

i 
N 
rl 

X 
rl 

0 

m m  
9 ) Q  c m  
4r l  r l s  a m 

0 
ul 
N 

0 
N 

v 
I 

m 
0 

m 
m 

n 

X 
0 
4 
14 
U 

N 
rl 

X 
rl 

0 

o m  
% t  
4rl 
4 3  a aD 

0 

4 N  

4 

a 
rl 

I 

0 

N 
X 

m 
I 

p: 
0 

P 
N 
rl 

X 

-! 
0 



I m 
alu c e  LI 

-1 

Lc 
-4 
S 

5 

8 
P 
W 

w w 0 
rl 4 

I 01 c 
-4 
Lc 
al 
U 
C 
-4 
v) 

0 0  
0 0  
0 0  
CIr- 0 

N 
0 
CI 

0 0 
CI N 

ul 
(0 

In 
u) 

Q 
U P 
! 

0 
u) r- 8 

8 

0 
u) w 

0 0 
u) e 

0 
u) e 

0 
\o w 

Y 

-4 
d 

1 Lc 

rl 
-4 
v) 

e 
Lc 

Lc .- 
-4 -4 a v) 

Lc 
.r( 
4 4" 

\ 

P 
Lc 
-4 
et 

Lc 
-4 
et 

bl 
rl 
et 

;i 
Q 
Y 

Lc 
4 a 

5 
-4 
3 

-4 
E 

N N  
r l r l  s 

-4 

. .  5 
al 

O 0  u 
Q .- 
al 

m u ,  O L c  
P) al c - m  y1 
4 0  0)  r ( d m  

rl 

4 N  

-4 

CIN 
r l r l  

x x  
r l N  

0 0  
. .  

N 
rl 

X 

N 
rl 

x 

N 
rl 

X 5 
5: 

n 5 
0) 
& 
4 

al c rl 

0 

0 
m u ,  
0) c -  4 o m  
. - d U  

0 
2 2 5  

Q 

-4 
= 4 6  
m z  

I 
I 



in  I 

g s l l  ul- 
n 

0 
I- 

O 

I- 

Lc 
4 
4 

(Y 
r( 

X 

? 
o a  al 

ID 

2 
0 0  
Q ) m  
e m  
rl 
4 -  

0 m o  w 4  

4 

3-57 



Y 
O 
Y 
W 
4 

O 

'8 
& Y  
m a  

0 0 0  
0 0 0  

0 
0 

0 0 
(CI 0 

0 
rr)  

0 m 0 0 
0 m 
N 4 

0 
OI 
4 

0 
N 

0 
4 

. 0 
4 

0 
4 

0 
r( 

4 4 
\ 
In \ In 

4 
\ 
In 

4 
\ 
In 

PI 
4 

*. 
9) 

I n m  
-4 

a 
0 
0 

I o 0  
Y N  
8 .  
m o  

0 
tO 
4 4  

n 

t 
N 

Y 

cy - 
-4 
4 

V 
Y 

4 
0 
In 

In 

a 

..I 

N 
4 

Y 

In 

m 
O 

10m 
Y-4 

0 
0 

I n 0  -In 

& &  

Y 

cy 

m 
4 
4 
O 
V 
u 
4 
4 
0 In 
.r( 
In 
Y 

- 

a 
0 
h 

Y 

c! 
0 
-4 
4 
O 
V 
Y 
4 
4 

In 
4 
rn 
O 

E 
E 

t 

N 
4 

Y 

In 

m 
ai Io 

mr( 
0a 
u a  

90 
0 

I n 0  
*-I 

n a 

N 
4 

Y 

N 
0 

10 
m m  
&I4 

& &  
0 

0 0  
t 4  
N 

m 

n 

N 
-4 

Y O  
0 

4 
m m  

a 
0 
0 

0 0  
Y N  
0 a -  
m o  

0 
I n 0  

4 

Y 

t 
! 
IJ 

0 
.r( 

In 

'0 
O Y 

t 
Y 
Y 
C 
3 

U 
C 

'0 
4 

0 

rn 
m 
a! Y 

a 
Y 

4 

a 
Y 
Y c 
3 

" " 
" " " 

0 
N 

t 
N N 

N 
4 
m 4 (D 

-I - .  
c P E P 

i ta a 
E 
Y 
0 
U I n  3 "  O N  a O : % 2  : 2 Y 4  

m m 

3-58 



SECTION 4.0 
SOLAR CELL EXPERIMENTAL INVESTIGATIONS 

S e v e r a l  major  a r e a s  were t o  be i n v e s t i g a t e d :  j u n c t i o n  f o r m a t i o n ,  
s u r f a c e  p a s s i v a t i o n ,  a n d  m e t a l l i z a t i o n .  Each a rea  h a d  many 
v a r i a b l e s  o f  i t s  own t o  be d e t e r m i n e d  f o r  o p t i m u m  c e l l  
p e r f o r m a n c e .  R e m a r k s  r e g a r d i n g  b a t c h  s i z e  and number of c e l l s  
p e r  wafer a r e  found i n  S e c t i o n  3.5.1.4. 

4 .1  

S t a r t i n g  p a r a m e t e r s  t o  be de te rmined  i n c l u d e d  surface c o n d i t i o n ,  
dopan t  s o u r c e  and  methodology,  l a s e r  e n e r g y  d e n s i t y ,  a n d  l a s e r  
beam o v e r l a p  p e r c e n t a g e .  Some of t h e  p a r a m e t e r s  a r e  r e l a t e d  and  
i n s e p a r a b l e  e x p e r i m e n t a l l y .  

4 . 1 . 1  Liuuid Dopant -Surface 

A spin-on l i q u i d  dopant  source  was used i n  a n  e f f o r t  t o  a c h i e v e  a 
s h a l l o w  j u n c t i o n  i n  o r d e r  t o  i m p r o v e  t h e  s h o r t  w a v e l e n g t h  
r e s p o n s e .  B o t h  p - t y p e  ( b o r o n  g l a s s )  a n d  n - t y p e  ( p h o s p h o r u s  
g l a s s )  were a p p l i e d  on n- a n d  p - t y p e  s u b s t r a t e s ,  r e s p e c t i v e l y .  
I t  was f o u n d  immedia te ly  t h a t  p- type boron g l a s s  r e q u i r e d  a h i g h  
l a se r  energy  d e n s i t y  0 2  J / c m 2 )  because of i t s  s lower  d i f f u s i v i t y  
i n  s i l i c o n ,  b u t  t h i s  bad ly  damaged t h e  s u r f a c e ,  c a u s i n g  poor  f i l l  
f a c t o r  and low Voce 

T h e  a n n e a l i n g  e x p e r i m e n t  was t h e n  c o n t i n u e d  w i t h  o n l y  a 
p h o s p h o r u s  s p i n - o n  d o p a n t  s o u r c e  on p - t y p e  Cz w a f e r s  o f  0 . 7  
ohm-cm b a s e  r e s i s t i v i t y .  S u r f a c e  p r e p a r a t i o n  i n c l u d e d  
t e x t u r i z a t i o n  and chemical  p o l i s h i n g .  The t h r e s h o l d  laser e n e r g y  
was f o u n d  t o  b e  d i f f e r e n t  f o r  t h e  two d u e  t o  d i f f e r e n c e s  i n  
s u r f a c e  r e f l e c t i v i t y ,  a s  e x p e c t e d .  The u s e  o f  t h e  t e x t u r e d  
s u r f a c e  was a n  e f f o r t  t o  a c h i e v e  lower  r e q u i r e d  a n n e a l i n g  ene rgy  
d e n s i t y  and be t te r  AR e f f e c t s  d u e  t o  t h e  p y r a m i d i z a t i o n .  

4 .1 .1 .1  Textured Surface 

E n e r g y  d e n s i t y  a s  l o w  a s  0 . 4  J / c m 2  ( 7 0 %  o v e r l a p )  was f o u n d  
s u f f i c i e n t  t o  m e l t  t h e  t e x t u r i z e d  s u r f a c e .  However,  t h e  c e l l s  
were a l m o s t  a l l  b a d l y  s h u n t e d  ( T a b l e  4 - la ) .  A companion wafer 
(2x4 i n . )  t h a t  had been l a s e r  a n n e a l e d  a t  t h e  same s e t t i n g s  w e n t  
t h r o u g h  a n  a d d i t i o n a l  f u r n a c e  h e a t  t r e a t m e n t  a t  65OOC f o r  30  
m i n u t e s  b e f o r e  m e t a l l i z a t i o n .  The c e l l  e f f i c i e n c y  improved t o  
11.7% ( T a b l e  4 - l b ) .  Such  a low t e m p e r a t u r e  h e a t  t r e a t m e n t  i s  
b e l i e v e d  t o  p r o v i d e  s t r e s s  r e l i e f  o f  t h e  m e l t - r e c r y s t a l l i z e d  
s u r f a c e .  C e l l  p e r f o r m a n c e  o f  a c e l l  p r e p a r e d  w i t h  0 . 7  
J l c m 2 a n n e a l i n g  w i t h  5 0 %  o v e r l a p  showed f u r t h e r  improvemen t .  
H i g h e s t  c e l l  e f f i c i e n c y  was about  11.6% b e f o r e  AR c o a t i n g  ( T a b l e  
4- lc )  . Heat t r e a t m e n t  of t h e  0 . 7  J /cm2 a n n e a l e d  wafer d i d  n o t  
show obv ious  improvement. A p o s s i b l e  e x p l a n a t i o n  c o u l d  be t h a t  
0 .7 J /cm2 was s u f f i c i e n t  t o  cause  more comple t e  s u r f a c e  regrowth  
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w i t h  l e s s  r e l i e v a b l e  s t r e s s .  I n  f a c t ,  SEM p h o t o g r a p h s  o f  t h e s e  
two  samples  i n d i c a t e d  much m o r e  s u r f a c e  m e l t i n g  w i t h  0.7 J/cm2 
t h a n  w i t h  0 . 4  J/cm2 ( F i g .  4-11 .  

Table 4-1. T e x t u r e d  Cz p - t y p e  w a f e r  w i t h  sp in -on  source,  laser  
a n n e a l e d .  

a. A t  0.4 J/cm2 w i t h  70% o v e r l a p .  

C e l l  v o c  Jsc FF E f f  
I D  ( V I  (mA/cm2)  (%I (%I 

B5B 1 0.429 28.32 59.60 7.24 
2 0.406 28.26 57.30 6.56 
3 0.399 28.24 55.40 6.25 
4 0.434 27.89 57.60 6.97 

b. A t  0.4 J/cm2 w i t h  70% o v e r l a p  f o l l o w e d  by 
f u r n a c e  h e a t  t r e a t m e n t  a t  65OOC f o r  30 minu tes .  

C e l l  voc Jsc FF Ef f  
I D  (VI (mA/cm2) ( % I  ( % I  

B5BT 1 0.555 28.95 69.50 11.18 
2 0.560 29 -04 67.40 10.96 
3 0.563 28.54 69.10 11.10 
4 0 . 560 28.90 68.90 11 -15 
5 0.573 28.66 71.40 11.73 
6 0.544 29.08 65.00 1 0  -27  

c. A t  0.7 J/cm2 w i t h  50% o v e r l a p .  

C e l l  v o c  Jsc FF E f f  
I D  (VI (mA/cm2) (%I ( % I  

B5A 1 0.534 29.94 69.30 11.08 
2 0 . 536 29.56 68.60 10.87 
3 
4 0.459 26.34 6 3  . O O  7 074 
5 
6 0 -549 30.43 69 -66 11.64 

Dead C e l l  - - - 
Dead C e l l  - - - 

- - -  
- - -  

H i g h  e n e r g y  d e n s i t y ,  e . g .  a t  1 . 2  J / c m 2 ,  y i e l d e d  lower c e l l  
e f f i c i e n c y  ( - 8 . 7 % )  d u e  t o  severe  r e d u c t i o n  i n  Jsc ( 2 1  mA/cm2) 
b e c a u s e  o f  loss i n  t e x t u r i n g .  SEM p h o t o s  ( F i g .  4 - l c )  a l s o  
r e v e a l e d  t h a t  h e a v y  m e l t i n g - r e s o l i d i f  i c a t i o n  took  place a f t e r  
h i g h  e n e r g y  d e n s i t y  a n n e a l i n g .  The e f f e c t i v e  e n e r g y  d e n s i t y  a t  
t h e  s u r f a c e  was i n c r e a s e d  by a p p r o x i m a t e l y  40% due  t o  t h e  second  
r e f l e c t i o n  from t h e  t e x t u r e d  s u r f a c e .  
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( d )  

F i g .  4-1. 500x SEM pho tos  of t e x t u r e d  w a f e r s  w i t h  sp in-on  l i q u i d  
d o p a n t  a f t e r  l a s e r  a n n e a l i n  a t  ( a )  0.4  J / c m 2 ,  (b) 0.7 J/cm2, ( c )  
1 . 2  J/cm2, and ( d )  2.5 J/cm 2 . 
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4.1.1.2 Chemically P o l i s h e d  S u r f a c e  

I n  p a r a l l e l  wi th  t h e  t e x t u r e d  w a f e r  e x p e r i m e n t ,  20% N a O H  e t c h e d  
w a f e r s  (Cz 0.7 ohm-cm p - t y p e  b a s e )  were used  which had sp in -on  
l i q u i d  do a n t  f o l l o w e d  by l a s e r  a n n e a l i n g  a t  e n e r g y  d e n s i t i e s  o f  
0 .9  J / c m f ,  1 . 2  J / c m 2 ,  a n d  1 . 6  J / cm2  w i t h  50% o v e r l a p .  R e s u l t s  
a r e  summarized i n  T a b l e  4-2. The d a t a  represent t h e  a v e r a g e  c e l l  
e f f i c i e n c y  w e i g h t e d  o v e r  f o u r  s a m p l e s  i n  e a c h  case. A l s o  
i n c l u d e d  a r e  t h e  r e s u l t s  o f  p o s t  f u r n a c e  a n n e a l i n g  a t  65OOC f o r  
30 m i n u t e s  t o  t e s t  f o r  a s t ress  r e l i e f  e f f e c t .  

T a b l e  4-2. C e l l s  f a b r i c a t e d  f rom p o l i s h e d  C z  p - t y p e  w a f e r  w i t h  
s p i n - o n  s o u r c e  l a s e r  a n n e a l e d  a t  e n e r g i e s  0 . 9 ,  1 . 2 ,  a n d  1 . 6  
J/cm2. 

B7-I a n n e a l e d  a t  1 . 2  J/cm2 I 
(1F)  0.586 20.65 75.3 9 .1  I 0.587 19.90 76.0 8 .9  

I 
B7-I11 a n n e a l e d  a t  0 .9  J/cm2 I 
(2F)  0.582 21.15 68.8 8.5 I 0.589 20.54 73.0 8.8 

I 
B7-I1 a n n e a l e d  a t  1 . 6  J/cm2 I 
( 3F )  0.588 19.40 75.9 8.6 I 0.587 18 .60  79.7 8.5 

A s  i n d i c a t e d  b y  t h e  d a t a ,  t h e  s h a l l o w  j u n c t i o n  f o r m e d  b y  
a n n e a l i n g  a t  0.9 J / c m 2  ( 1 F )  o n  t h e s e  r e f l e c t i v e  s u r f a c e  w a f e r s  
improved t h e  Jsc i n  compar ison  w i t h  o t h e r  g r o u p s .  

However, t h e  f i l l  f a c t o r  was l o w e r e d  a s  a r e s u l t  o f  i n c r e a s e d  
s e r i e s  r e s i s t a n c e .  Deeper j u n c t i o n s  o f  g r o u p s  1F and  3F had  much 
bet ter  f i l l  f a c t o r  y e t  lower  Jsc, c o n f i r m i n g  t h e  s t a t e m e n t  above .  

F u r n a c e  a n n e a l i n g  a t  65OOC f o r  30 m i n u t e s  ( b e f o r e  m e t a l l i z a t i o n )  
i m p r o v e d  t h e  f i l l  f a c t o r  s l i g h t l y ,  e s p e c i a l l y  on g r o u p  2F (0.9 
J/cm2) , b u t  deg raded  t h e  Jsc by a p p r o x i m a t e l y  3-4%. The r e s u l t s  
s u g g e s t  t h a t  t h e r m a l  s t ress  r e l i e f  a p p e a r s  e f f e c t i v e  o n l y  f o r  low 
l a s e r  e n e r g y  d e n s i t y  a n n e a l e d  s u r f a c e s ,  which i s  s imi la r  t o  t h e  
o b s e r v a t i o n  f o r  t h e  t e x t u r e d  s u r f a c e .  

F o r  c o n t r o l  p u r p o s e s ,  c a u s t i c  e t c h e d  w a f e r s  w i t h  a d o p i n g  l a y e r  
from l i q u i d  d o p a n t  were s u b j e c t e d  t o  t h e r m a l  d i f f u s i o n  a t  82OOC 
f o r  1 . 5  h o u r s .  R e s u l t s  a r e  summarized i n  T a b l e  4-3. 

C e l l  e f f i c i e n c y  of t h e  t h e r m a l l y  d i f f u s e d  w a f e r s  o n  a v e r a g e  was 
b e t t e r  t h a n  t h o s e  l a s e r  a n n e a l e d  d u e  t o  h i g h e r  Jsc, s u g g e s t i n g  
t h a t  t h e  j u n c t i o n  d e p t h  of  t h e r m a l l y  d i f f u s e d  c e l l s  w i t h  s p i n - o n  
d o p a n t  was even s h a l l o w e r  w i t h  l e s s  a b s o r p t i o n  i n  t h e  emitter 
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I 
I 
I 

(F ig .  4-21. The lower V 0 c  was probably due t o  h igh  recombination 
i n  t h e  j u n c t i o n  a s  i n d i c a t e d  by t h e  dark I-V. I n  f a c t ,  a l l  c e l l s  
w i t h  e m i t t e r s  d i f f u s e d  b o t h  t h e r m a l l y  o r  l a s e r  a s s i s t e d  w i t h  
l i q u i d  dopant had high d a r k  r e c o m b i n a t i o n  c u r r e n t .  One of t h e  
p o s s i b l e  s o u r c e s  of  r e c o m b i n a t i o n  c e n t e r s  c o u l d  be f rom t h e  
l i q u i d  dopant. The u s a g e  of l i q u i d  dopant was t h e n  h a l t e d .  

T a b l e  4-3 .  C e l l  p e r f o r m a n c e  of t h e r m a l l y  d i f f u s e d  c a u s t i c  
p o l i s h e d  Cz wafer wi th  spin-on source  a s  dopant. 

C e l l  voc J sc FF Eff 
I D  ( V I  (mA/cm2) ( $ 1  ( $ 1  

B5-C 1 0.531 22.87 64.4 7.8 
2 0.563 23.33 71.1 9.3 
3 0.559 23.43 71.8 9.4 
4 0.585 22.43 60.2 7.9 
5 0.540 23.00 71.4 8.9 

4.1.2 a 
4.1.2.1 Conventional Mass Analyzed 31P+ Ion Implant 

I n  t h e  e a r l y  s t a g e  of t h e  program, i o n  i m p l a n t s  were p r o c e s s e d  
f o r  4 - i n .  d i a m e t e r  p - type  c a u s t i c  p o l i s h e d  Cz ( -0 .33  ohm-cm) 
w a f e r s  a t  1 0  k e V  w i t h  dosage of 5x1015 atoms/cm2 and  1x1015 
atoms/cm2 r e s p e c t i v e l y .  Laser energy d e n s i t y  (EXC-1, t h e  smal l  
l a s e r )  was s e t  a t  0 . 4  J / c m Z  and 0 . 7  J / c m 2 ,  r e s p e c t i v e l y ,  wi th  
p u l s e  d u r a t i o n  4-6 ns .  C e l l  c h a r a c t e r i z a t i o n  i n d i c a t e d  low Jsc, 
Voc,  and f i l l  f a c t o r  as t h e  r e s u l t  of i n s u f f i c i e n t  implant  damage 
removal by such low l a s e r  energy d e n s i t i e s .  Typ ica l  r e s u l t s  a r e  
l i s t e d  i n  Table  4-4. 

On L5A # 7 ,  t h e  extremely low Vo was due t o  i n s u f f i c i e n t  s u r f a c e  

rho uni formi ty  a c r o s s  t h e  s u r f a c e  and caused l e a k a g e  a s  r e v e a l e d  
by reverse dark I-v measurement. 

c o n c e n t r a t i o n  (1x1015 atoms/cm 5 1, which a l s o  a f f e c t e d  t h e  s h e e t  

The poor r e s u l t  with c a u s t i c  po l i shed  Cz wafers  sugges ted  t h e  u s e  
of chem-mechanically p o l i s h e d  0.3 ohm-cm p- type  FZ w a f e r s  a s  a 
b a s e l i n e  experiment. The m a t e r i a l  had been w e l l  c h a r a c t e r i z e d  by 
convent iona l  t h e r m a l  d i f f u s i o n  t h a t  y i e l d e d  1 6 %  e f f i c i e n c y  a t  
AM1.5 w i t h  s imple  spin-on AR coa t ing  f o r  c e l l s  wi th  25 cm2 t o t a l  
a r ea .  

M a t e r i a l  from t h i s  ba tch  was s e n t  f o r  i o n  implan ta t ion  w i t h  31P+ 
a t  5 k e V  o f  d o s a g e  1 x 1 0 1 5 ,  2 . 5 ~ 1 0 1 5 ,  and 5x1015 atoms/cm2, 
r e s p e c t i v e l y .  Laser energy va r i ed  from 0.90 t o  1.30 J/cm2,  wi th  
o v e r l a p  from 20% t o  70%. Pulse  d u r a t i o n  t i m e  was extended from 6 
nsec t o  50 nsec (double pulse  shape) .  The reason f o r  o v e r l a p  was 
t o  compensate beam nonuniformity a s  a l r e a d y  men t ioned .  A s  beam 
q u a l i t y  was p r o g r e s s i v e l y  improv ing ,  t h e  o v e r l a p  f a c t o r  was 
dec reas ing  p r o p o r t i o n a l l y .  Resul t s  a r e  summarized i n  Table  4-5. 
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T a b l e  4-4. R e s u l t s  o f  l a s e r  a n n e a l i n  c a u s t i c  p o l i s h e d  Cz w a f e r  
w i t h  1 0  k e V  i o n  i m p l a n t  dosage  a t  5xlOq5 and  1x1015 atoms/cm2. 

Laser 
C e l l  Energy Over- S h e e t  

I D  D e n s i t y  l a p  voc Jsc FF E f f  Rho 
(J/cm21 ( % I  ( V I  (mWcm2) ( % I  ( %1 (ohms/sq)  

1 0  k e V  a t  5x1015 atoms/cm2 
B5A #5 0.7 50 0.581 18.7 67.0 7.3 33 
B5B # 4  0.4 70 0.516 18.7 64.9 6.3 3 1  

1 0  k e V  a t  1x1015 atoms/cm2 
L5A #7 0.7 50 0.389 20.4 52 .1  4.2 90 
L5B # 4  0.4 70 0.479 19 .8  68.3 6.5 87 

I n  e x  e r i m e n t  B9-1 where  l a s e r  e n e r g y  d e n s i t y  was a s  h i g h  a s  1 .3  
J / c m F w i t h  7 0 %  o v e r l a p ,  b o t h  c u r r e n t  d e n s i t y  and  Voc were very 
low. The l a t t e r  was p r o b a b l y  d u e  t o  excess ive  s u r f a c e  damage ,  
e s p e c i a l l y  a t  t h e  c e n t e r  o f  o v e r l a p  ( F i g .  4-31, i n d i c a t i n g  t h e  
l a se r  is h i g h l y  nonuni form s p a t i a l l y .  A l l  ce l l s  a n n e a l e d  a t  0 . 9  
J / c m Z  (B9-2)  h a d  h i g h  l e a k a g e  c u r r e n t  and  low s h u n t  r e s i s t a n c e  
b e c a u s e  o f  i n c o m p l e t e  i o n  damage r e m o v a l  a t  s u c h  l o w  e n e r g y  
d e n s i t y .  However , t h e  h i g h  c u r  r e n t  d e n s i t y  o b t a i n e d  s u g g e s t e d  
t h a t  5 k e V  w i t h  1 t o  2 . 5 ~ 1 0 1 5  a toms /cm2  i o n  i m p l a n t  p r o v i d e d  
s u f f i c i e n t  s u r f a c e  c o n c e n t r a t i o n  f o r  a r e a s o n a b l e  i n t e r n a l  
e lec t r ic  f i e l d  f o r  good current c o l l e c t i o n .  

A t  a l a t e  s t a g e  of  t h e  program, t h e r e  were e x p e r i m e n t s  t o  s t u d y  
e f f e c t s  o f  damage by 5 k e V  implan t  and  a l t e r n a t e  i m p l a n t  methods.  

T a b l e  4-5. R e s u l t s  o f  l a s e r  a n n e a l i n g  o n  chem-mech o l i s h e d  FZ 

d o s a g e ,  r e s p e c t i v e l y .  

a .  5 k e V  i o n  d o s a g e  a t  2 . 5 ~ 1 0 1 5  atoms/cm2, l aser  e n e r g y  d e n s i t y  
1 .30 J/cm2, 70% o v e r l a p .  

w a f e r s ;  5 k e V  i o n  i m p l a n t e d  w i t h  1 x 1 0 1 5  a n d  2 . 5 ~ 1 0  P 5 atoms/cm2 

FF E f f  S h e e t  Rho 
I D  (VI  (mA/cm2) ( % I  ( % I  (ohms/sq) 

C e l l  voc Jsc 

B9-1 
#1 0.554 18.23 75.00 7.58 40-45 
# 2  0.552 18.22 75.70 7.62 40-45 
# 3  0.555 16 .61  73.00 6.79 40-45 
# 4  0.544 17.74 67.22 6.48 40-45 
#5 0.543 18.33 71.72 7.14 40-45 
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b.  5 k e V  i o n  d o s a g e  a t  2 . 5 ~ 1 0 1 5  atoms/cm2, l aser  e n e r g y  d e n s i t y  
0.90 J/cm2, 70% overlap.  

FF Ef f  S h e e t  Rho 
( % I  (ohms/sq) 

C e l l  voc Jsc 
I D  (VI (mA/cm2) 

#1 0.579 21.36 48.13 5.96 50-55 
#2  0.583 21.13 55.92 6.89 50-55 
# 3  0.531 21.17 60.21 6 -77  50-55 
# 4  0.593 21.12 67.20 8.42 50-55 

89-2 

c. 5 k e V  i o n  d o s a g e  a t  1 x 1 0 1 5  a t o m s / c m 2 ,  l a s e r  energy d e n s i t y  
0.90 J/cm2, 30% overlap. 

FF Ef f  S h e e t  Rho 
( % I  ( ohms /sq 1 

C e l l  voc Jsc 
I D  (VI (mA/cm2) 

B10-1 
8 1  0 -534 21.74 70.24 7.70 65-74 
#2 0.548 22 -64  70.74 8.78 65-74 
# 3  0 -553 22.58 72.17 9.01 65-74 
# 4  0 -552 22.36 68.97 8.51 65-74 

d .  5 k e V  i o n  d o s a g e  a t  1 x 1 0 1 5  a t o m s / c m 2 ,  l a s e r  e n e r g y  d e n s i t y  
1 .25  J/cm2, 20% overlap.  

Jsc FF Ef f  S h e e t  Rho 
( % I  (ohms/sq) C e l l  voc 

I D  (VI (mA/cm2) ( % I  

B10-2 
# 2  0.569 21.77 70.68 8.75 60-75 
#3  0.577 21.95 71.32 9.03 60-75 
# 4  0.572 21.96 70.67 8 -87 60-75 
#5 0.573 21 -59  72.12 8.92 60-75 

4.1.2.2 Effects of D a m a g e  by 5 k e V  Ion Implant 

To i n v e s t i g a t e  pe r fo rmance  e f f e c t s  f rom l a t t i c e  damage c a u s e d  by 
5 k e V  i o n  i m p l a n t a t i o n ,  two key e x p e r i m e n t s  ( B a t c h  3 5  a n d  B a t c h  
3 6 )  were p e r f o r m e d  i n  w h i c h  t h e r m a l  n+ d e p o s i t i o n  was u s e d  
i n s t e a d  of  i o n  imp lan t .  A t h e r m a l  d e p o s i t i o n  o f  d o p a n t  s o u r c e  
r e p r e s e n t s  a z e r o  l a t t i c e  damage case i n  comparison t o  any  i o n  
i m p l a n t  source. 

I n  B a t c h  3 5 ,  l a s e r  e n e r g i e s  o f  1 . 6  J / cm2  w i t h  50% overlap were 
used.  The fou r  compar i son  p rocess  sequences a r e  shown i n  F i g .  
4-4.  Average p e r f o r m a n c e s  o f  t h e  f o u r  g r o u p s  o f  c e l l s  (made f rom 
a 3" FZ w a f e r  f o r  i o n  i m p l a n t  Case A ,  a n d  a 4 "  C z  w a f e r  f o r  
t h e r m a l  d e p o s i t i o n  Cases B ,  C, and D )  a r e  g i v e n  i n  T a b l e  4-6. 
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ORIGINAL F&Gg IS 
OF POOR Q U W  

I 

P i g .  4-3 .  L a s e r  a n n e a l i n g  o n  5 k e V ,  2 x 1 0 1 5  a t o m s / c m 2  i o n  
i m p l a n t e d  s u r f a c e s  a t  1 . 3  J/cm2, w i t h  7 0 %  o v e r l a p  p u l s e  d u r a t i o n  
e s t i m a t e d  a t  6 n s e c  (B-9). 

T h e  l o w  s h e e t  r h o  f o r  C a s e  C ( l a s e r  a n n e a l e d  c e l l s  w i t h  
phosphorus  g l a s s )  i s  c o n s i s t e n t  w i t h  r e s u l t s  f r o m  B a t c h  1 5  i n  
t h a t  t h e  g l a s s  l a y e r  a c t e d  a s  a h i g h  c o n c e n t r a t i o n  doping  s o u r c e .  
S p r e a d i n g  r e s i s t a n c e  m e a s u r e m e n t s  on  t h e s e  c e l l s  ( F i g .  4-51 
s u g g e s t e d  t h a t  t h e  v a r i o u s  j u n c t i o n  d e p t h s  c o r r e l a t e  w e l l  w i t h  
t h e  d i f f e r e n c e s  i n  J sc  among t h e s e  c e l l s  a n d  t h a t  s h a l l o w  
j u n c t i o n s  gave  r ise  t o  h i g h e r  c u r r e n t  c o l l e c t i o n .  

T h e  r e s u l t s  o f  t h e  V o c  m e a s u r e m e n t s ,  h o w e v e r ,  a r e  r a t h e r  
i n t e r e s t i n g .  Case C (Cz, n+ thermal  d e p o s i t i o n  f o l l o w e d  by l a s e r  
a n n e a l i n g )  h a d  t h e  h i g h e s t  V o c ,  a b o u t  8 mV h i g h e r  t h a n  Case A 
(FZ,  low bulk r e s i s t i v i t y ,  ion  i m p l a n t e d ,  l a s e r  a n n e a l e d ) .  The 
d i f f e r e n c e  i n  V o c  b e t w e e n  t h e  two i s  b e l i e v e d  t o  b e  d u e  t o  
r e s i d u a l  l a t t i c e  damage by ion  i m p l a n t a t i o n .  

The s e c o n d  e x p e r i m e n t ,  Batch 36 ,  used t h e  same i o n  implan ted  FZ 
mater ia l  a s  Batch 35 e x c e p t  t h a t  t h e  l a s e r  a n n e a l i n g  e n e r g y  was 
r e d u c e d  t o  1 . 3 3  J / c m 2 .  Con t ro l  c e l l s  t o  moni tor  wafe r  c l e a n i n g  
a n d  m e t a l l i z a t i o n  w e r e  t h e r m a l l y  d i f f u s e d  Cz c e l l s .  R e s u l t s  
showed t h a t  b o t h  t h e  V o c  a n d  f i l l  f a c t o r  of i o n  implan ted  ce l l s  
d e c r e a s e d  i n  comparison w i t h  B a t c h  3 5 ,  w h i l e  t h e  c o n t r o l  c e l l s  
b e h a v e d  t y p i c a l l y  f o r  1 ohm-cm Cz m a t e r i a l  w i t h o u t  BSF. These 
r e s u l t s  i n d i c a t e  t h a t  reducing  t h e  a n n e a l i n g  ene rgy  i n c r e a s e s  t h e  
a m o u n t  o f  n o n - r e m o v a b l e  l a t t i c e  damage i n d u c e d  by 5 k e V  i o n  
imp1 a n t a  t i o  n. 

4-9 



~~~~ 

I p-Type FZ I 
I 0.3  ohm-cm I 
I I 

I 
I 

Case A 
I 
I 

I p-Type Cz I 
I 1 ohm-cm I 
I -. I 

I 
I 
I 
I 
I 

I 3 1 ~ +  Ion  I m p l a n t  I I ~ 0 ~ 1 3  I 
I 5 k e V  I I Thermal Deposi t ion I 
I 3x1015 atomdcm2 I I 825OC, 1 0  m i n u t e s  I 

I I I I I 

I I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I I I 
Case B Case C Case D 

I I I 
I I I 

I 
I 1 0 %  HF I I Thermal Di f fus ion  I 
I Etch I I I 825OC, 1 5  m i n u t e s  I 
I I I I I 

I I I 
I I I 

I I I  I 
I l l  I 

I 
I Laser Annealing I I 
I 1 .6  J/cm2 I I 
I 50% Overlap I I 
I 40 n s  I I 
I I I 

I I 
I I 
I I 

I C e l l  P rocess  I 
I Evaporated I 
I 18 G r i d l i n e s  I 
I I 

I 

I C e l l  Tes t ing  I 
I @25OC, AM1.5 I 
I I 

F i g .  4-4. Process  sequence f o r  Batch 35. 
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T a b l e  4-6. Average e r fo rmance  of B a t c h  35 c e l l s .  Laser e n e r g y  
d e n s i t y  a t  1 .6  J/cmT, 50% o v e r l a p  w i t h  40 n s  p u l s e  d u r a t i o n .  

J u n c t i o n  

(mMcrn2) ( $ 1  ($1  ($1 (ohm/sq) (mic ron)  
Sample Jsc voc FF E f f  S h e e t  Rho Depth 

Case A 21.02 
FZ, 0.3 ohm-cm, 
5 k e V ,  31P+ 
i o n  i m p l a n t  
3x1015 atoms/cm2 

Case B 19.20 
Cz, 1 ohm-cm, 
t h e r m a l  POCl3 
d e p o s i t i o n  + HF 
+ l aser  a n n e a l i n g  

Case C 1 9  . 80 
Cz, 1 ohm-cm, 
t h e r m a l  PoCl3 
d e p o s i t i o n  + 
l a se r  a n n e a l i n g  

Case D 21.38 
Cz ,  1 ohm-cm, 
t h e r m a l  pOcl3 
d e p o s i t i o n  + 
t h e r m a l  d i f f u s i o n  

0.588 

0.587 

0 -596 

0 -590 

75.10 

73.80 

75.44 

74.24 

9.28 85 0.35 

8.3 6 5  

8.9 23  

9.3 140-150 0.27 

0.45 

0.49 

4.1.2.3 Effects of " N e u t r a l s "  on H a s s  Analyzed Ion Implantation 

The  b e s t  c e l l  o b t a i n e d  s o  f a r  i n  t h e  project  had been  f rom B a t c h  
2 6 ,  i n  w h i c h  31P+ i o n  was implan ted  o n t o  2"x2" Cz mater ia l  a t  5 
k e V  w i t h  f l u e n c e  2 . 5 ~ 1 0 1 5  atoms/cm2. The ion  i m p l a n t e d  material 
was u s e d  t h r o u g h  e x p e r i m e n t s  B24, B26, a n d  B28. I n  a l l  t h r e e  
e x p e r i m e n t s ,  t h e  a v e r a g e  c e l l  e f f i c i e n c y  was above  9.5%, which 
was comparable  t o  t h e r m a l l y  d i f f u s e d  Cz ce l l s .  A t  t h e  same t i m e ,  
t h e  5 k e V ,  5 x 1 0 1 5  a t o m s / c m 2  i o n  imp lan ted  3" ( d i a m e t e r )  FZ 
material was a b o u t  8.5-9% i n  e f f i c i e n c y  ove ra l l .  D i s c u s s i o n  w i t h  
t h e  i m p l a n t  v e n d o r  i n d i c a t e d  t h a t  t h e  Cz material was i m p l a n t e d  
w i t h  t h e  p r e s e n c e  o f  "neutral"  t raps  w h i l e  t h e  FZ was n o t .  T h e  
" n e u t r a l s "  came f r o m  i o n i z e d  phosphorus  atoms a c c e l e r a t e d  t o  3 5  
k e V  w h i c h  were e l e c t r i c a l l y  n e u t r a l i z e d  a t  t h e  w a l l s  b e f o r e  
r e a c h i n g  t h e  d e c e l e r a t i n g  f i e l d .  Such neu t r a l s  would c o n t i n u e  t o  
t r a v e l  w i t h  3 5  k e V  impact  k i n e t i c  e n e r g y  u n a f f e c t e d  b y  t h e  
r e v e r s i n g  30  k V  p o t e n t i a l .  The  p e n e t r a t i o n  d e p t h  by s u c h  h i g h  
e n e r g y  a toms would be  more than  0.4 micron .  T h i s  i s  a p o t e n t i a l  
e x p l a n a t i o n  f o r  p o o r e r  f i l l  f a c t o r .  
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T h e i r  e f f e c t  on Voc can  be r e a l i z e d  by c o n s i d e r i n g  t h e  f o l l o w i n g  
j u n c t i o n  e q u a t i o n :  

Voc = - I n  
kT J L  

e Jol+J02 
." 

where 

JL - Jsc = s h o r t  c i r c u i t  c u r r e n t  d e n s i t y  

U 
J 0 2 K  - 

NB 

NB = b u l k  dopan t  c o n c e n t r a t i o n  

kT 
- = 0.0254 V a t  T = 300°K 
e 

U = r ecombina t ion  ra te  

An i n c r e a s e  i n  U w i l l  o b v i o u s l y  d e c r e a s e  t h e  V o c  a s  
e x p e r i m e n t a l l y  obse rved  i n  i o n  i m p l a n t e d  samples compared  w i t h  
n o n - i o n  i m p l a n t e d  o n e s .  I n  p r a c t i c e ,  n e u t r a l s  c a n  be m i t i g a t e d  
by t h e  p r e s e n c e  of a d e f l e c t i n g  f i e l d  d u r i n g  implan t .  

4.1.2.4 Non-Mass Analyzed Molecular Ion Implantation 

B e s i d e s  u s i n g  t h e  c o n v e n t i o n a l  m a s s - s e p a r a t e d  a t o m i c  i o n  
i m p l a n t a t i o n  f o r  emi t t e r  f o r m a t i o n ,  a m o l e c u l a r  i o n  i m p l a n t  
p r o c e s s  was a l s o  a t t e m p t e d .  The vendor  s u b j e c t e d  s a m p l e s  o f  4 "  
square ,  1 ohm-cm p - t y p e  Cz m a t e r i a l  t o  PF3+ i o n  i m p l a n t a t i o n  a t  
t h e  c a l c u l a t e d  ene rgy  

dopan t  a tomic  w t  

mo lecu la r  w t  
dopan t  k e V  = x e l e c t r o d e  p o t e n t i a l  

e.g.  
boron a tomic  w t  

BF2 molecular  w t  
boron atom energy  = x beam ene rgy  

11 

49 
- - _. x 22 k e V  -5 k e V  

T h i s  a n a l y s i s  i s  t r u e  o n l y  if t h e  BF2 molecule  d i s s o c i a t e s  i n t o  
a toms a t  t h e  s u r f a c e .  Otherwise,  t h e  impact e n e r g y  would  be 22 
k e V ,  t h e  e f f e c t  of wh ich  i s  u n c e r t a i n .  M o l e c u l a r  i o n  i m p l a n t  
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( P F 3 1 ,  o n  t h e  o t h e r  h a n d ,  c o u l d  be  p r o m i s i n g  due  t o  t h e  h e a v i e r  
a t o m i c  w e i g h t  of p h o s p h o r u s .  The  d e t r i m e n t a l  e f f e c t  o f  t h e  
n o n d i s s o c i a t e d  m o l e c u l e  would n o t  be  a s  much as i n  BF2. 

I n  t h e  a c t u a l  e x p e r i m e n t ,  4 "  s q u a r e  p - t y p e  Cz w a f e r s  were 
s u b j e c t e d  t o  t h e  c a l c u l a t e d  PF3+ molecular  i o n  i m p l a n t  w i t h  
f l u e n c e  3x1015 a toms /cm2 .  w a f e r s  were t h e n  a n n e a l e d  a t  e n e r g y  
1 . 4  J / c m 2 ,  50% o v e r l a p .  S h e e t  r h o  was a b o u t  1 1 0  ohms/sq,  which 
i s  h i g h  f o r  t h e  e s t i m a t e d  3x1015 a t o m i c  i m p l a n t .  I t  i s  p o s s i b l e  
t h a t  a l a r g e  p o r t i o n  o f  t h e  m o l e c u l a r  i o n  bounced o f f  t h e  s u r f a c e  
i n s t e a d  o f  p e n e t r a t i n g  i n t o  t h e  s u b s t r a t e .  C e l l  t e s t i n g  
i n d i c a t e d  ( T a b l e  4-71 t h e  m a j o r i t y  a r e  a b o v e  9 %  i n  e f f i c i e n c y  
w i t h  t h r e e  a t  or  a b o v e  9 . 4 % ,  a s u b s t a n t i a l l y  b e t t e r  pe r fo rmance  
t h a n  p r e v i o u s  e x p e r i m e n t s .  B e t t e r  r e s u l t s  c o u l d  h a v e  b e e n  
o b t a i n e d  by f i n e  t u n i n g  t h e  new parameters s u c h  a s  beam e n e r g y  
and  beam f l u e n c e .  

T a b l e  4-7. Cz p-type mater ia l  s u b j e c t e d  t o  m o l e c u l a r  i o n  i m p l a n t .  
Laser e n e r g y  d e n s i t y  -1.47 J/cm2, 50% o v e r l a p ,  1 1 0  s h e e t  rho .  

Sample Jsc v o c  FF Ef f 
N o  . ( mA/ cm2 1 VI ($1 (%I 

B46 
#1 
# 2  
# 3  
# 4  
#5  
#6 
#7 
#8 

20.66 
21.13 
20.16 
20 -17  
20.50 
20.87 
20.74 
20.97 

Average  20.65 

0 -574 
0.579 
0 -575 
0.577 
0.577 
0.578 
0.577 
0 -58  

0 -577 

72.30 
77 -48  
75.78 
76 -30 
76.00 
78.2 
75.74 
80 . O O  

76.48 

8.58 
9.48 
8.79 
8.87 
9 000 
9.44 
9.07 
9 - 7 1  

9 0 1 1  

4-1.2.5 62P2+ I o n  I m p l a n t a t i o n  

L a t t i c e  damage d u e  t o  e n e r g e t i c  i on  implant  was f u r t h e r  s t u d i e d  
b t u n i n g  mass spec t rum f o r  6 2 p 2 +  spec ie s  a t  5 k e V  i n s t e a d  o f  
3 b l +  i o n  s p e c i e s .  A t  t h e  moment of impact, t h e  m o l e c u l e  would 
d i s s o c i a t e  i n t o  31P l+  atoms e a c h  w i t h  2.5 keV.  From t h e  k i n e t i c  
e n e r g y  e q u a t i o n ,  t h e  impact momentum of t h e  i n d i v i d u a l  atoms 
(W d i s s o c i a W  1 is c a l c u l a t e d  from: 

( E q  1) 

w h e r e  5 k e V  i s  t h e  i n i t i a l  m o l e c u l a r  e n e r g y ,  m i s  t h e  a tomic  
mass, and Vo  t h e  v e l o c i t y  of  t h e  p a r t i c l e s  b e f o r e  impact. 

. .  

5 k e V  = 1 / 2  mV02 + 1 / 2  mV02 = mvo 2 
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vo = J5TzzT 
Hence t h e  a t o m i c  momentum of 62P2+ a t  impact, Wm, is 

The momentum of 31Pl+ ,  a t  5 k e V ,  on t h e  o t h e r  hand, is 

WA = m ,/(5x2/m) k e V  = 4- 

( E q  2 )  

( E q  3)  

( E q  4 )  

The d i f f e r e n c e  i n  impact  momentum between 62P2+ ( E q  3 )  and  31Pl+  
( E q  4 )  t h e n  i s  e q u a l  t o  

Wm - WA 
A W %  = x 100% = -29.3% 

Wm 
( E q  5) 

If  l a t t i c e  damage i s  l i n e a r l y  p r o p o r t i o n a l  t o  p a r t i c l e  impact 
momentum, t h e  62P2+ i o n  implant  would d e c r e a s e  damage by 30% o v e r  
t h e  3 1 P l +  i m p l a n t .  However, i f  t h e  molecu le  d o e s  n o t  d i s s o c i a t e  
a t  t h e  impact ,  t h e  molecu la r  momentum c o u l d  become: 

wm(62~2+)  = ( 2 m )  vo = 2 ,/W= 4.47 ,/iiXG 
which, compared w i t h  31P1+ a t o m i c  momentum 

Wm(31Pl+) = 3 . 1 6 J E T G T  

is a lmos t  42% mor_e t h a n  31Pl+ i o n  impacts .  

T h e  c o n c e p t  was f i r s t  t e s t e d  w i t h  FZ p - t y p e  m a t e r i a l  i o n  
i m p l a n t e d  w i t h  62P2+ a t  5 keV w i t h  2x1015 atoms/cm2 f l u e n c e .  
R e s u l t s  are  summarized i n  Table 4-8. 

The d i f f e r e n c e  i n  Jsc between t h e  B51 ( I )  and  B51 (11) groups  was 
caused  m a i n l y  by t h e  s m a l l e r  shadow f a c t o r  i n  B51 (11). B o t h  
wafers  e x h i b i t e d  s i g n s  of s l i g h t l y  con tamina ted  j u n c t i o n s ,  which 
c o u l d  r e l a t e  t o  t h e  hazy s u r f a c e  t o  be d i s c u s s e d  l a t e r .  D e s p i t e  
t h e  low f i l l  f a c t o r ,  t h e  a v e r a g e  Voc was s a t i s f a c t o r y  f o r  non 
AR-coated S i  ce l l s .  The b e s t  c e l l ,  No. B51 (11) # 3 ,  a c h i e v e d  a n  
e f f i c i e n c y  of a lmos t  10.8%, t h e  h i g h e s t  o b t a i n e d  i n  t h i s  program. 

T h e  v a r i a t i o n  i n  f i l l  f a c t o r  i s  b e l i e v e d  t o  b e  d u e  t o  
c o n t a m i n a t i o n  i n  wafer handl ing  and  t r a n s p o r t a t i o n .  The Voc, on 
t h e  o t h e r  hand, i s  due  mainly t o  poor  j u n c t i o n  c h a r a c t e r i s t i c s ,  
a s  r e v e a l e d  by s p r e a d i n g  r e s i s t a n c e  d e p t h  p r o f i l i n g  ( F i g .  4-6a) . 
Compared w i t h  B51 ( F i g .  4-6b) w h i c h  h a d  t h e  1 0 . 8 %  c e l l ,  t h e  
d o p a n t  d i s t r i b u t i o n  h e r e  i s  much b r o a d e r  a n d  s l o w e r  f a l l i n g ,  
g i v i n g  r i s e  t o  a weaker b u i l t - i n  e l e c t r i c a l  f i e l d .  The r e a s o n  
f o r  t h e  d i f f e r e n c e  i n  p r o f i l e  i s  n o t  immedia te ly  known, s i n c e  a l l  
were i o n  i m  l a n t e d  s i m i l a r l y  w i t h  62P2+ species a t  5 k e V ,  e x c e p t  
B 5 1  a t  2x10 ? 5 a toms /cm2 ,  wh i l e  B54 and B58 r e c e i v e d  2 . 5 ~ 1 0 1 5 ,  a 
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2 5 %  i n c r e a s e  i n  d o s a g e .  I n  c o m p a r i s o n  w i t h  t h e  31P1+ i o n  
i m p l a n t e d  j u n c t i o n ,  b o t h  p r o f i l e s  o f  t h e  a b o v e  a r e  c o n s i d e r e d  
s i g n i f i c a n t l y  b r o a d e r  ( F i g .  4-6c) . 
T a b l e  4-8. 
atoms/cm2. 

FZ m a t e r i a l  i o n  i m p l a n t e d  w i t h  62P2+ a t  5 k e V ,  2x1015 

Sample Jsc v o c  FF E f f  S h e e t  Rho Metalli- 
N o .  (mA/cm2) (VI  ( % I  ( % I  (ohm/ sq 1 z a t i o n  

B 5 1  (I) 
21.36 0.591 75.54 9.53 80 1 8 - g r i d  

II shadow #1 
# 2  21.53 0.593 78.63 10.04 
# 3  21.59 0.588 73.46 9.33 II 

11 
mask  

# 4  21.66 0.594 7 8 - 6 4  10.11 

II 

II 
1 8 - g r i d  
1 i f  t -of  f 

B51 (11) 
#1 22.86 0.603 77.14 10 .64  
# 2  23.06 0.599 75.26 10.39 
# 3  22.84 0.604 78.10 10.77 I1 

#4 ------------- Broken --------------- 

Exper imen t s  c o n t i n u e d  w i t h  Cz m a t e r i a l  (1 ohm-cm) of  2 " x 2 "  a n d  
were a l s o  i o n  i m p l a n t e d  w i t h  62P2+ species a t  5 k e V  w i t h  f l u e n c e  
2 . 5 ~ 1 0 1 5  atoms/cm2. Note t h a t  t h e  d o s a g e  was i n c r e a s e d  from t h e  
2x1015 of t h e  p r e v i o u s  e x p e r i m e n t  (B51) o n  FZ material ,  which had 
p roduced  t h e  h i g h e s t  e f f i c i e n c y  c e l l  a t  1 0 . 8 % .  T h e  reason  f o r  
i n c r e a s i n g  t h e  d o s a g e  was t o  t r y  t o  i n c r e a s e  t h e  s u r f a c e  
c o n c e n t r a t i o n  f o r  h i g h e r  V o c .  T w o  d i f f e r e n t  l a s e r  e n e r g y  
d e n s i t i e s  were  u s e d :  1 . 5 3  J/cm2 f o r  Ba tch  5 4  and  1 .43  J/cm2 f o r  
B a t c h  5 5 .  Both  were a n n e a l e d  w i t h  t h e  d o u b l e  l e n s  f o c u s i n g  
s y s t e m .  The  p o s t - a n n e a l e d  s u r f a c e  e x h i b i t e d  a h a z e - l i k e  
a p p e a r a n c e  due t o  m i c r o s c o p i c  d e f e c t s  ( F i g .  4-71 , a phenomenon 
o b s e r v e d  o n  a l l  w a f e r s  a n n e a l e d  by t h e  d o u b l e  l e n s  f o c u s i n g  (see 
S e c t i o n  4.2.2.3 f o r  d e t a i l s )  . E l e c t r i c a l  m e a s u r e m e n t s  ( T a b l e  
4-91 o n  ce l l s  of b o t h  B a t c h  54  and  Ba tch  55 were n o t  a s  good a s  
e x p e c t e d .  Al though t h e  Jsc is a t  t h e  r i g h t  l e v e l  (except B54-#3 
b e c a u s e  of  b r o a d  g r i d l i n e s ) ,  t h e  Voc i s  a l m o s t  1 0  mV too  low f o r  
1 ohm-cm m a t e r i a l ,  and  t h e  f i l l  f a c t o r  v a r i e d  e r r a t i c a l l y  f r o m  
69% t o  78%. 

4.2 LAS_ER- 

From t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  above  and t h e  e x a m i n a t i o n  
o f  l i t e r a t u r e  and d a t a ,  i n d i c a t i o n s  a r e  t h a t  t h e  l a s e r  i m p r i n t  
o v e r l a p  i s  c r u c i a l  f o r  i d e a l  j u n c t i o n  f o r m a t i o n .  A h i g h  p e r c e n t  
o v e r l a p  by a h i g h l y  nonuni form l a se r  would p r o d u c e  severe su r face  
damage ( see  F i g .  4-3 u n d e r  S e c t i o n  4 . 1 . 2 ) .  With poor  G u a s s i a n  
beam q u a l i t y ,  a d e c r e a s e  of o v e r l a p  f rom 7 0 %  t o  20% appea r s  t o  
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y i e l d  a compara t ive ly  be t te r  c e l l .  However n o n u n i f o r m  s u r f a c e  
a n n e a l i n g  was found t o  be  p r e s e n t  i n  t h e  ce l l s  p rocessed .  

To f u r t h e r  i n v e s t i g a t e  t h e  e f f e c t  o f  beam u n i f o r m i t y ,  a l a r g e r  
a n d  more  p o w e r f u l  e x c i m e r  ( s p o t  s i z e  >0.7 cm2) l aser  was used.  
R e s u l t s  would be a p p l i e d  t o  upgrade t h e  smaller l a s e r  o r i g i n a l l y  
used i n  t h e  above exper iments .  

"L m 4.2.1 -er ( ucv 

T h i s  l a s e r  can  d e l i v e r  4 J of energy  a t  308 nm and is known t o  be 
s u p e r i o r  i n  u n i f o r m i t y  by des ign .  

Two i n i t i a l  e x p e r i m e n t s  were conducted  w i t h  encourag ing  r e s u l t s  
(Table 4-10) . 

.- ... - . - .- I -.I. . - , - .  . \  ._ - - -. - 

Fig. 4-6a. S p r e a d i n g  r e s i s t a n c e  d e p t h  p r o f i l e .  Cz sample (B55 
W 1 )  8 i o n  i m p l a n t e d  a t  5 k e V  w i t h  62P2+ molecu la r  i o n  of f l u e n c e  
2x1015 atoms/cm2 . 
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Fig. 4-6b. Spreading r e s i s t a n c e  depth r o f i l e .  FZ sample (B51 W 5 
#3) I ion i m p l a n t e d  a t  5 k e V  w i t h  %2P2+ of f l u e n c e  2x101 
atoms/cmz 

Fig. 4-6c. Spreading r e s i s t a n c e  depth p r o f i l e .  Cz sample (B51 W 4 
P3) I ion i m p l a n t e d  a t  5 k e V  wi th  31Pl+ i o n s  of f l u e n c e  1.8~101 
atoms/cmz . 
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P i g .  4-7. T y p i c a l  m i c r o s c o p i c  d e f e c t s  o n  w a f e r  s u r f a c e  a f t e r  
b e i n g  a n n e a l e d  a t  1 . 5  J / c m 2 ,  d o u b l e  l e n s ,  o l d  k a l e i d o s c o p e  
o p t i c a l  set up. No e t c h i n g .  

T a b l e  4-9. E l e c t r i c a l  measurements  o n  B54 a n d  B55. 62P2+ i o n  
i m p l a n t  a t  5 k e V ,  2 . 5 ~ 1 0 1 5  atoms/cm2. 

Laser S h e e t  C o n t a c t  
Rho Jsc v o c  FF Ef f  % 

( % I  ( % I  Shadow 
S amp1 e 

1 (ohm/sq) (mA/cm2) (VI 

B54W 
#1 1.53  85  20.44 0.584 78.24 9.33 8-9% 
# 2  20.70 0.584 77.50 9.36 
#3  18.92 0.577 69.16 7.56 <lo% 
i i 4  20.64 0.583 76.66 9.22 8-9% 

n 

B55W 
#1 1.43 70 21.19 0.585 77.65 9.62 7% 
# 2  21.59 0.587 75.63 9.58 
# 3  21.52 0.586 78.89 9.89 
#4 21.21 0.585 78.12 9.69 

II 

I1  

II 

Al though  t h e  j u n c t i o n s  formed h e r e  ( T a b l e  4-10) were d e e p e r  t h a n  
p r e v i o u s  e x p e r i m e n t s ,  a s  i n d i c a t e d  b y  t h e  l o w e r  s h e e t  
r e s i s t i v i t i e s ,  b o t h  t h e  Voc and  Jsc were c o m p a r a t i v e l y  h i g h e r  on 
a v e r a g e .  A f i l l  f a c t o r  a s  h i g h  a s  7 8 . 5 %  was a l s o  o b t a i n e d  
( B 1 2 - 2 . 5 E  #1) . R e s u l t s  s u g g e s t e d  t h e  a d v a n t a g e  o f  a m o r e  
p o w e r f u l  l aser  o f  l a r g e r  beam s i z e  w i t h  m o r e  o u t p u t  u n i f o r m i t y  
t h a t  a l l o w e d  less t o t a l  o v e r l a p .  
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T a b l e  4-10. F i r s t  e x p e r i m e n t a l  r e s u l t  w i t h  t h e  l a r g e r  l a s e r ,  a t  
d e n s i t y  1 . 3  and 1.6 J/cm2 r e s p e c t i v e l y .  

C e l l  I Energy lover- I Pul se  I I I I I Sheet  
I D  IDensi tyl lap IDurationl Voc I Jsc I FF I Eff I Rho 

(FZ) I (J/cm2) I ( % I  I ( n s )  I (VI I (mA/cm2) I ( % I  I ( % I  I (ohms/sq) 

B11 ,  5 keV a t  2 .5~1015 
#1 I 1.3 I 20 I 80 I 0.569 I 21.47 I 67.951 8.311 46-65 
#2 I 1.3 I 20 I 80 I 0.581 I 21.06 I 62.151 7.601 46-65 
#4 I 1.3 I 20 I 80 I 0.587 I 21.53 I 74.181 9.371 46-65 
#5 I 1.3 I 20 I 80 I 0.583 I 21.36 I 67.561 8.411 46-65 ................................................................... 

B12, 5 k e V  a t  2.5~1015 
#1 I 1.6 I 8 I 80-90 I 0.593 I 20.14 I 78.501 9.381 40-53 
#2 I 1.6 I 8 I 80-90 I 0.580 I 20.02 I 71.171 8.261 40-53 ................................................................... 

B12, 5 keV a t  5x1015 
#1 I 1.6 I 8 I 80-90 I 0.593 I 20.40 I 70.621 8.551 26-32 
#2  I 1.6 I 8 I 80-90 I 0.593 I 20.54 I 73.891 9.011 26-32 

Two more e x p e r i m e n t s  w i t h  d i f f e r e n t  c o m b i n a t i o n s  of e n e r g y  a n d  
p e r c e n t  of o v e r l a p  were t h e n  i m m e d i a t e l y  conduc ted :  0 .95  J/cm2 
w i t h  9 %  o v e r l a p  a n d  1.1 J /cm2  w i t h  7 %  o v e r l a p ,  r e s p e c t i v e l y .  
R e s u l t s  a r e  summarized i n  T a b l e  4-11. 

T a b l e  4-11 .  R e s u l t s  of  a n n e a l i n g  by t h e  l a r g e r  l aser  w i t h  lower 
e n e r g y  d e n s i t y  and  o v e r l a p  %, 5 keV a t  5x1015. 

C e l l  I Energy 1 Over- I I I I I Shee t  

(FZ) I (J/cm2) I ( % I  I (VI I (mA/cm2) I ( % I  I ( % I  I (ohms/sq) 
I D  I Density I l a p  I Voc I Jsc I FF I Eff I Rho 

B13 
#1 I 0.95 
#2 I 0.95 
#4 I 0.95 
#5 I 0.95 ------------- 

B14 
#1 I 1.10 
#2 I 1.10 
#3  I 1.10 
#4 I 1.10 

I 9 I 0.495 I 21.30 I 49.93 I 
I 9 I 0.531 I 20.80 I 52.29 I 
I 9 I 0.425 I 21.81 I 41.87 I 
I 9 I 0.554 I 21.54 I 52.80 I 

.------------------------------------ 

I 7 I 0.531 I 22.71 I 58.78 I 
I 7 I 0.533 I 22.99 I 58.80 I 
I 7 I 0.512 I 22.69 I 53.58 I 
I 7 I 0.477 I 20.37 I 44.59 I 

5.26 I 
5.78 I 
3.88 I 
6.30 I 

.------- 

7.09 I 
7.20 I 
6.23 I 
4.33 I 

> l o o  
> l o o  
> l o o  
> l o o  

.--------- 

68-80 
68-80 
68-80 
6 8-80 

A l l  c e l l s  s h o w e d  h i g h  s e r i e s  r e s i s t a n c e  a n d  h i g h  s h u n t  
c o n d u c t i v i t y  d u e  t o  s h a l l o w  j u n c t i o n  a s  w e l l  a s  i n s u f f i c i e n t  
o v e r l a p .  The o t h e r  f a c t o r  c o n s i d e r e d  t o  b e  c o n t r i b u t i n g  t o  t h e  
low Voc was t h e  presence of  i o n  imp lan ta t ion  damage t h a t  was n o t  
removed a t  s u c h  low e n e r g y  d e n s i t i e s .  R e s u l t s  s o  f a r  s u g g e s t  
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t h a t  t h e  t h r e s h o l d  e n e r g y  f o r  complete a n n e a l i n g  i s  be tween 1 . 3  
J / c m 2  a n d  1 . 6  J / c m 2 .  I n  f a c t ,  t h e  s u b s e q u e n t  e x p e r i m e n t  
c o n t i n u e d  w i t h  t h e  l a r g e  l a s e r  s e t  a t  1 . 4 5  J/cm2 which y i e l d e d  
much be t te r  c e l l  e f f i c i e n c y  on  l i g h t l y  doped w a f e r s  ( T a b l e  4-12) .  

Table 4-12. E l e c t r i c a l  p e r f o r m a n c e  of l a r g e  l aser  p r o c e s s e d  Cz 
cel ls .  N o  AR c o a t i n g .  Imp lan t  e n e r g y  = 5 k e V ;  i o n  f l u e n c e  = 
1 x 1 0 1 5  a toms /cm2 .  C e l l s  measured a t  AM1.5, 25OC. Laser e n e r g y  
d e n s i t y  = 1.45 J/cm2; o v e r l a p  = 1 2 % .  

C e l l  I Jsc I voc I FF I E f f  
I D  I (mA/cm2) I (VI I (%I I ($1  

B16 
81 I 21.16 I 0.576 I 74.58 I 9.10 
# 2  I 21.57 I 0.578 I 76.94 I 9.60 
#3  I 19.62 I 0.571 I 76.01 I 8.52 
#4 I 21.61 I 0.574 I 75.08 I 9.32 

T h e  above  r e s u l t s  d e m o n s t r a t e  t h a t  i o n  i m p l a n t a t i o n  a t  5 keV w i t h  
f l u e n c e  b e t w e e n  1 t o  2 . 5 ~ 1 0 1 5  a toms /cm2  c o u l d  p r o d u c e  h i g h  
e f f i c i e n c y  c e l l s  i f  t h e  l a s e r  o u t p u t  i s  s u f f i c i e n t l y  u n i f o r m .  
However ,  t h e  slow p u l s e  r a t e  o f  t h e  l a r g e  l aser  (1 p u l s e  per 2 
m i n u t e s )  made it imprac t i ca l  f o r  e x t e n s i v e  e x p e r i m e n t a t i o n  a n d  
p r o d u c t i o n  a p p l i c a t i o n .  T h e r e a f t e r ,  e f f o r t s  were d e v o t e d  t o  
improv ing  u n i f o r m i t y  o f  t h e  s m a l l e r  l a s e r  which h a s  a r e p e t i t i v e  
r a t e  a s  f a s t  a s  2 5  Hz. The improvement was a c c o m p l i s h e d  by t h e  
i n s t a l l a t i o n  o f  k a l e i d o s c o p e s  ( S e c t i o n  3.5.1.2) w i t h  s i n g l e  l e n s  
f o c u s i n g .  The f i r s t  e x p e r i m e n t  w i t h  t h e  improved small laser,  
EXC-1, was t o  r e d e f i n e  t h e  ene rgy  d e n s i t y  r a n g e ,  w h i c h  i s  h i g h l y  
d e p e n d e n t  o n  p u l s e  s h a p e  a n d  p u l s e  d u r a t i o n .  T h e  m e l t  
pene t ra t ion  d e p t h  f o r  30 nsec of t h e  EXC-1 l a se r  c o u l d  b e  a l m o s t  
50% deeper t h a n  90  n s e c  o f  Lucy a t  t h e  same laser  e n e r g y  d e n s i t y  
(R. Y o u n g  e t  a l . ,  1 9 8 3 1 . 1  T h e  t h r e s h o l d  a n n e a l i n g  e n e r g y  
d e n s i t y ,  t h e r e f o r e ,  i s  d i f f e r e n t  f o r  t h e  two lasers .  Due t o  t h e  
d i f f e r e n c e  i n  beam u n i f o r m i t y ,  beam o v e r l a p  p e r c e n t a g e  is  a l s o  a 
c r i t i c a l  parameter. D e t a i l e d  a n n e a l i n g  p a r a m e t e r s  were l i s t e d  i n  
T a b l e  3-1, S e c t i o n  3.5.1.4, Exper imenta l  Equipment. 

4-2.2.1 p-Type Substrate w i t h  31P+ Ion Implant Dopant 

The e x p e r i m e n t  (B22) w i t h  t h e  small l a se r  began b u s i n g  t h e  same 
Cz m a t e r i a l  a n d  i o n  i m p l a n t a t i o n  ( 5  k e V ,  2 . 5 ~ 1 0 3 5  atoms/cm2) a s  
f o r  B19 a n d  B20 t h a t  were p r o c e s s e d  b y  L u c y .  L a s e r  e n e r g y  
d e n s i t y  was s e t  a t  1 . 6  J /cm2 w i t h  5 0 %  a n d  2 0 %  o v e r l a p ,  
r e s p e c t i v e l y ,  a n d  2.0 J/cm2 w i t h  20% o v e r l a  For  corn a r i s o n ,  
samples t h a t  were 5 k e V  i o n  i m p l a n t e d  a t  lx10y3 atoms/cm3 d o s a g e  
were a l s o  a n n e a l e d  a t  1 . 6  J/cm2 w i t h  2 0 %  o v e r l a p .  S u c h  i o n  
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i m p l a n t e d  m a t e r i a l  h a d  b e e n  d e m o n s t r a t e d  t o  y i e l d  c e l l s  w i t h  
e f f i c i e n c i e s  >9 .5% i n  t h r e e  c o n s e c u t i v e  r u n s  (B16 ,  B17, B18)  
p r o c e s s e d  by t h e  l a rge r  l a s e r  ( S e c t i o n  4 . 2 . 1 )  . 
As i n d i c a t e d  by T a b l e  4-13, r e s u l t s  of t h e  whole expe r imen t  ( B 2 2 )  
were p o o r .  E v e n  t h e  1 x 1 0 1 5  a toms /cm2  s a m p l e s  (B22-V) were 
d e g r a d e d  i n  b o t h  Voc and fill  f a c t o r  compared w i t h  p r e v i o u s  r u n s  
r e p o r t e d  e a r l i e r  . 
Comparing t h e  e l ec t r i ca l  performance of B22-I1 (50% o v e r l a p )  w i t h  
B 2 2 - I 1 1  (20% o v e r l a p )  , both  a n n e a l e d  a t  1 .6  J/cm2 energy  d e n s i t y ,  
i t  w a s  c l e a r  t h a t  t h e  l o w  V o c  ( 0 . 5 5  V I  o f  t h e  l a t t e r  ( 2 0 %  
o v e r l a p )  was d u e  t o  incomple t e  s u r f a c e  a n n e a l i n g  b e c a u s e  o f  t h e  
b e a m ' s  i nhomogene i ty .  As o v e r l a p  was i n c r e a s e d  t o  50% (B22-111, 
t h e  Voc was  improved  t o  0 .583  V ,  s i m i l a r  t o  p r e v i o u s  r e s u l t s  
o b t a i n e d  f rom t h e  l a r g e r  l a s e r .  T h e  p o o r  f i l l  f a c t o r  was 
b e l i e v e d  t o  b e  d u e  t o  s u r f a c e  c o n t a m i n a t i o n .  T h i s  was t h e  key 
o b s e r v a t i o n  of t h e  i m p o r t a n c e  o f  s u r f a c e  c l e a n l i n e s s  t o  f i n a l  
c e l l  performance,  which i s  d i s c u s s e d  i n  d e t a i l  below. 

I n c o m p l e t e  s u r f a c e  a n n e a l i n g  d u e  t o  i n s u f f i c i e n t  o v e r l a p  was 
f u r t h e r  d e m o n s t r a t e d  by i n c r e a s i n g  t h e  e n e r g y  d e n s i t y  t o  2.0 
J / c m 2  (B22- IV)  w h i l e  k e e p i n g  o v e r l a p  t o  2 0 % .  No f u r t h e r  
improvement i n  Voc was o b t a i n e d .  Lase r  s cann ing  ( F i g .  4-8a) o v e r  
t h e  s u r f a c e  i n d i c a t e d  c u r r e n t  s i n k  p o i n t s  a l o n g  t h e  o v e r l a p  a rea ,  
s u g g e s t i n g  heavy damage d u e  t o  l o c a l i z e d  o v e r h e a t i n g .  A c e l l  
f rom t h i s  g r o u p  was p r e f e r e n t i a l l y  e t c h e d  w i t h  S e c c o  e t c h a n t  
a f t e r  metal  c o n t a c t s  were removed.  The o p t i c a l  p h o t o  r e v e a l e d  
mass ive  s u r f a c e  d e f e c t s  ( F i g .  4-8b) .  

The r e s u l t s  f rom B22 s u g g e s t  t h a t  20% o v e r l a p  was n o t  s u f f i c i e n t  
t o  c o m p e n s a t e  f o r  beam n o n u n i f o r m i t y .  Also ,  even  1.6 J/cm2 was 
t o o  h i g h  a t  3 0  n s e c  p u l s e  ( d o u b l e  p e a k s )  d u r a t i o n  t o  c a u s e  
s u r f  ace damage. 

The n e x t  exper iment ,  B23, was conducted  t o  s t u d y  d e f e c t s  v s  l a se r  
e n e r g y  f rom 1.1 J/cm2 t o  1 . 3  J /cm2 w i t h  5 0 %  o v e r l a p .  Samples 
were t h e n  Secco e t ched .  O p t i c a l  p h o t o s  a t  50x  a r e  p r e s e n t e d  i n  
F i g .  4 - 9 ,  a n d  l a s e r  p a r a m e t e r s  a n d  s h e e t  r e s i s t i v i t i e s  a r e  
summar ized  i n  T a b l e  4 - 1 4 .  R e s u l t s  s u g g e s t  t h a t  1 . 3  J / c m 2  w i t h  
5 0 %  o v e r l a p  a p p a r e n t l y  p r o d u c e d  t h e  i d e a l  r a n g e  i n  s h e e t  
r e s i s t i v i t y  f o r  d o s a g e s  o f  2 . 5 ~ 1 0 1 5  t o  5x1015 atoms/cm2, w h i l e  
t h e  s u r f a c e  c o n c e n t r a t i o n  w a s  low f o r  t h e  1 x 1 0 1 5  atoms/cm2 
dosage.  

The d e g r e e  of s u r f a c e  damage due t o  t h e  i m p r i n t  of t h e  l a se r  beam 
was a p p a r e n t l y  q u i t e  d i f f e r e n t  f o r  1.1 J /cm2  and 1.3 J/cm2 ( F i g .  
4 - 9 1 .  P r o v i d e d  t h a t  t h e  l a s e r  o u t p u t  a n d  p u l s e  s h a p e  were 
r e p r o d u c i b l e ,  t h e  a n n e a l i n g  t h r e s h o l d  ene rgy  i n  o p t i m i z i n g  dopant  
a c t i v a t i o n  v s  s u r f a c e  damage f o r  t h e  EXC-1  s m a l l  l a s e r  wou ld  b e  
v e r y  c l o s e  t o  1 .3  J /cm2 w i t h  50% o v e r l a p .  Whether it c a n  p r o v i d e  
c o m p l e t e  l a t t i c e  damage removal caused  by 5 k e V  31P+ i o n  i m p l a n t  
i s  n o t  determined.  
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T a b l e  4-13. Laser  a n n e a l i n g  by  i m p r o v e d  s m a l l  l a s e r  o n  
ion-implanted Cz wafers.  Implant energy 5 keV. 

a. 

b. 

C. 

d. 

I o n  f l u e n c e  = 2 . 5 ~ 1 0 1 5  a t o d c m 2 ;  e n e r g y  d e n s i t y  = 1.6 J/cm2; 
o v e r l a p  = 50%. 

C e l l  S h e e t  Rho Jsc voc FF Eff 
I D  (ohdsq)  (mA/cm2) (VI ( $ 1  ( 0 )  

B22-I1 
11 38-40 19.84 0.579 66 .OS 7 - 5 9  

1 9  -76 
1 8  . 97 0.576 60.44 6 .61  

1 2  

20 . 22 0.583 70.43 8.31 
1 3  
1 4  

n 0 -587 70.97 8.24 
n 

Ion f l u e n c e  = 2 . 5 ~ 1 0 1 5  a t o d c d ;  e n e r g y  d e n s i t y  = 1.6 J / c m Z ;  
over lap  = 20%. 

C e l l  S h e e t  Ftho Jsc voc FF Ef f 
I D  (ohm/ sq 1 (mA/cm2) ( V) ( 0 )  ( % I  

B22-I11 
11 38-40 19.26 0.542 34.34 3.59 

20 -07 
1 9  -51 0.566 44.82 4.95 
1 9  -09 0.541 34.62 3.57 

n 0.557 46 . 23 5.17 
n 

n 

I o n  f l u e n c e  = 2 . 5 ~ 1 0 1 5  a t o d c m 2 ;  e n e r g y  d e n s i t y  = 2.0 J / c m Z ;  
over lap  = 20%. 

C e l l  S h e e t  Rho Jsc "oc FF E f  f 
I D  (ohm/sq) (mA/cm2) (VI ($1 ( % I  

B22-IV 
11 > l o o  
1 2  
1 3  
1 4  
1 5  
16 
1 7  
18 

n 
n 

n 
n 

n 
n 
n 

21  .oo 0 .SO7 
22.06 0.493 
21.37 0.492 
20.03 0.458 

21.92 0.500 
20.39 0.457 
2 1  . 4 4  0.487 

Broken - - - -  

69.72 7 -74  
65.84 7 - 7 1  
70.29 7.39 
48.77 4.48 

66.95 7.34 
51.58 4.80 
62.35 6.51 

- -  

Ion f luence  = 1x1015 a t o d c m 2 ;  e n e r g y  d e n s i t y  = 1.6 J/cm2; 
overlap = 20%. 

voc FF E f f  
I D  ( 0 W s q )  hI%nl2) (VI ($1  (a )  

C e l l  S h e e t  Rho 

B22-V 
11 
1 2  
1 3  
1 4  

92 20.49 0.577 73.48 8.68 
20.29 0.574 
20.71 0.578 67 -15 8.04 
21.29 0.577 67 . 97 

n 70 -34 8.20 
n 

n 8.35 
- 
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ORIGINAL ?AGE 25 
OF POOR QLJALIW 

a. 2 . 0  J/cm2, 20% o v e r l a p  l a s e r  annea led  c e l l .  Dark v e r t i c a l  
l i n e s  a r e  c o n t a c t  f i n g e r s .  Dimpled s t r u c t u r e s  a r e  damaged 
a r e a s  a long a n n e a l i n g  d i r e c t i o n s ,  f a i n t l y  o b s e r v a b l e .  

at: . E". 

1 
1 
1 
8 
I 
I 
I 
8 
1 
1 

b. Sur face  appearance a f t e r  p r e f e r e n t i a l  etch. I m p r i n t s  of t h e  
l a s e r  beam a r e  r e c o g n i z a b l e .  

F i g .  4-8. Laser scan showing incomplete surface annealing. I 
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a. 1 . 3  J / c d  

b. 1 . 3  J/cm2 

c. 1.1 J/cm2 

P i g .  4-9. S u r f a c e  damage r e v e a l e d  by e t c h i n g .  
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The  s u r f a c e  damage t h a t  a p p e a r e d  o n  sample  B23-I ( F i g .  4-9a) was 
o f  a c r y s t a l l o g r a p h i c  t y p e .  A l t h o u g h  t h e  e x a c t  c a u s e  i s  n o t  
d e t e r m i n e d  y e t ,  i t  i s  p o s s i b l y  d u e  t o  s u r f a c e  c o n t a m i n a t i o n .  
Such c o n t a m i n a t i o n  a c t e d  as  n u c l e i  f o r  r e c r y s t a l l i z a t i o n  d u r i n g  
t h e  m e l t i n g - s o l i d i f i c a t i o n  p r o c e s s .  Both e p i t a x i a l  r eg rowth  and  
f r e e  ( n o  c o n s t r a i n t )  r e c r y s t a l l i z a t i o n  a r e  c l e a r l y  
d i s t i n g u i s h a b l e  by  t h e  ( 1 0 0 )  a n d  (111) s t r u c t u r e s  a t  s u c h  
d e f e c t s .  

Table 4-14. S h e e t  r e s i s t i v i t y  of  w a f e r s .  I m p l a n t  e n e r g y  5 k e V ,  
o v e r l a p  5 0 % .  

C e l l  C r y s t a l  R e s i s t i v i t y  ( x i 0 1 5  Rho 

B23 

Base Ion  F l u e n c e  Laser S h e e t  

I D  Zoning (ohms-cm) atoms/cm2) ?$::3) ( o h m d s q )  
- 

-I FZ 0.3 5 1 .3  22-24 
-11 cz 0.7-0.9 2.5 1 . 3  5 2  

0.7-0.9 1 1.1 85-90 -111 cz 

A n  e x p e r i m e n t  (B24)  i m m e d i a t e l y  f o l l o w i n g  t h e  t e s t  r u n  was t h e n  
c o n d u c t e d  w i t h  5 0 %  beam o v e r l a p  a t  1 . 4  J / cm2  e n e r g y  d e n s i t y .  
Material i n c l u d e d  Cz (0 .7  ohm-cm p-t p e l  i o n  i m p l a n t e d  a t  5 k e V  
w i t h  1 x 1 0 1 5  a n d  2 . 5 ~ 1 0 1 5  atoms/cmY r e s p e c t i v e l y ,  a n d  FZ ( 0 . 3  
ohm-cm, p - t y p e )  i o n  i m p l a n t e d  a t  5 k e V  w i t h  5 x 1 0 1 5  a toms /cm2  
f l u e n c e .  O r i g i n a l l y  t h e r e  were f o u r  w a f e r s  2 x 2  c m  i n  s i z e  
p r e p a r e d  f r o m  e a c h  g r o u p .  Some w a f e r s  were u s e d  f o r  d e f e c t  
s t u d i e s ,  l e a v i n g  o n l y  s e v e n  p i e c e s  f o r  f i n a l  m e t a l l i z a t i o n .  
R e s u l t s  o f  e l e c t r i c a l  pe r fo rmance  a r e  summarized i n  T a b l e  4-15. 

W h i l e  t h e  a v e r a g e  J sc  was i n  t h e  same r a n g e  a s  p r e v i o u s  
e x p e r i m e n t s ,  t h e  f i l l  f a c t o r  was s t r i k i n g l y  improved  f r o m  40-62% 
i n  p r e v i o u s  e x p e r i m e n t s  t o  o v e r  74-78% i n  t h i s  r u n  (B24) .  The 
Voc was a l s o  i n c r e a s e d  t o  a s  h i g h  a s  0.594 V (B24-I1 # 3 ) .  The FZ 
sample i n  t h e  same e x p e r i m e n t  had VoF: of  0 .61  V. The h i g h e r  Voc 
o b t a i n e d  i n  t h e  FZ sample was due  t o  its lower b a s e  r e s i s t i v i t y  
( 0 . 3  ohm-cm v s  0 .7  ohm-cm i n  Cz)  . The  maximum c e l l  e f f i c i e n c y  
f r o m  t h i s  e x p e r i m e n t  (B24)  was 9 . 7 7 %  ( B 2 4 - I 1  # 3 ) .  The  l a r g e  
v a r i a t i o n s  i n  f i l l  f a c t o r s  among t h e s e  ce l l s  a re  t h o u g h t  t o  be  
d u e  t o  s u r f a c e  c o n d i t i o n s  d i s c u s s e d  below. 

U s i n g  i n f o r m a t i o n  o b t a i n e d  from B23 and  B24 t h a t  i n c l u d e d  l a s e r  
e n e r g y  d e n s i t y ,  o v e r l a p  r a t i o ,  and  surface c o n d i t i o n s ,  a summary 
e x p e r i m e n t  (B26) was c o n d u c t e d .  Mater ia l  u s e d  c o n s i s t e d  of  Cz 
( 0 . 7  ohm-cm) a n d  FZ ( 0 . 3  ohm-cm) .  Wafers  were  c l e a n e d  b y  
s c r u b b i n g  i n  d e t e r g e n t ,  1 0 %  HF a c i d  e t c h i n g ,  H2S04+H202, HF a c i d  
e t c h i n g ,  a n d  f i n a l l y  s o a k i n g  i n  HC1 a c i d  b e f o r e  d e i o n i z e d  water 
r i n s i n g .  Al though water s p o t s  were s t i l l  p r e s e n t ,  t h e i r  d e n s i t y  
was d r a s t i c a l l y  d e c r e a s e d .  D u e  t o  t h e  u n a v a i l a b i l i t y  o f  
equ ipmen t  f o r  a d e q u a t e  s c r u b b i n g ,  surface s c r a t c h e s  were o b s e r v e d  
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o n  some w a f e r s .  I o n  i m p l a n t  energy was 5 k e V  on both  Cz and FZ 
wafers .  The d o s a g e  f o r  CZ was 1x1015 atoms/cm2 and  2 . 5 ~ 1 0 1 5  
atoms/cm2, and 5x1015 atoms/cm2 f o r  FZ material .  The r e s u l t s  a re  
summarized i n  Table  4-16. 

C e l l s  p r o c e s s e d  f r o m  5 keV i o n  i m p l a n t  w i t h  d o s a g e  1 x 1 0 1 5  
atoms/cm2 were s l i g h t l y  b e t t e r  t h a n  i n  t h e  p r e v i o u s  experiment  
( B 2 4 )  i n  Jsc  a n d  f i l l  f a c t o r .  C e l l s  f r o m  d o s a g e  2 . 5 ~ 1 0 1 5  
atoms/cm2, however, had obvious improvements i n  both  Jsc and fill 
f a c t o r .  Whi l e  t h e  i n c r e a s e d  Jsc is no t  immediately e x p l a i n a b l e ,  
t h e  improvement  i n  f i l l  f a c t o r  i s  mos t  l i k e l y  d u e  t o  s u r f a c e  
c l e a n l i n e s s .  

Table 4-15. E lec t r ica l  performance of B 2 4  ce l l s .  Implant  energy 
5 k e V ,  energy d e n s i t y  1 . 4  J /cm2,  o v e r l a p  50%. 

a. cz cells .  Ion f luence  = 1x1015 atom/cm2. 

C e l l  Shee t  Rho Jsc voc FF E f  f 
I D  (ohm/sq) (mA/cm2) ( V) ( $ 1  ( % I  

B24-I 
t1 
t 2  

90 2 1  -06 0.581 76.63 9.38 
21  . 26 0 . 581 76.80 9.50 I 

b. Cz cel ls .  Ion  f luence  = 2 . 5 ~ 1 0 1 5  a todcrn2 .  

C e l l  Shee t  Rho Jsc voc FF Ef f 
I D  (ohm/sq) (mA/cm2) (VI ( % I  ( % I  

B24-I1 
t l  
1 2  
13  

46 20.88 0.593 78.10 9 -66 
20 . 88 0.593 73.61 9.06 
2 1  -26 0.594 77.40 9 077 

I 

I 

c. FZ cells.  Ion f luence  = 5x1015 atodcm2.  

C e l l  Shee t  Rho Jsc voc FF E f  f 
I D  (ohm/sq) (mA/cm2) ( VI ( $ 1  ( % I  

B24-I11 
t l  
t 2  

23 21.49 0.611 73 -63 9.67 
67 . 93 8.81 I 2 1  . 37 0 -607 



Table 4-16. Small l a s e r  (EXC-1) annea l ing  of Cz and FZ w a f e r s .  
I o n  i m p l a n t e d  w i t h  +P31 a t  5 k e V ;  1 8 - g r i d  e v a p o r a t e d - t y p e  
m e t a l l i z a t i o n ;  AR c o a t e d .  C e l l s  m e a s u r e d  a t  25OC AM1.5 
c a l i b r a t e d  w i t h  J P L  s tandard c e l l  MT-472. 

a. cz cell .  Ion f l u e n c e  = iX1015 atom/cm2; laser energy 
d e n s i t y  - 1.5 J/cm2; overlap = 50%; pulse d u r a t i o n  = -30 ns. 

FF (%I Eff ( % I  S h e e t  Jsc (mA/cm2) voc (VI 
C e l l  Rho P r e  P o s t  P r e  PO8 t P r e  P o s t  P re  P o s t  

I D  (ohdsq) AR AR AR AR AR AR AR AR 

B26-1E 
#l 80-90 21.24 31.74 0.584 0.598 78.76 78.26 9.76 14.85 

2L.24 31.86 0.584 0.599 78.31 78.31 9.73 14.94 
21.37 --- 0.585 --- t 2  

(3  
t 4  

I 

I 

I 
76.57 --- 9.57 --- 

20.80 -9- 0.581 --- 77 . 33 --- 9.35 --- 

b. Cz cell .  Ion f l u e n c e  = 2 . 5 ~ 1 0 1 5  a t o d c m 2 ;  laser energy 
d e n s i t y  = 1.5 J/cm2; o v e r l a p  = 50%; p u l s e  d u r a t i o n  = -30 ns. 

Shee t  Jsc (mA/cm2) voc (VI FF ($1 Eff (a)  
C e l l  Rho P r e  P o s t  P re  Pos t  P r e  PO8 t P r e  P o s t  

I D  ( O h d S q )  AR AR AR AR AR AR AR AR 
~~ 

B26 -2 . 5 E  
#1 44-48 21.44 31.79 0.596 0.610 79.44 79.50 10.15 15.4 
t 2  
t 3  
1 4  

21.62 32.45 0.596 0.612 79.36 79.51 10.22 15.78 
21.32 32.06 0.594 0.610 79.74 79.63 10.10 15.57 

n 
n 

21.50 32.68 0.595 0.604 78.76 74.63 10.08 14.73 I) 

c.  FZ cell. Ion f luence  = 5x1015 a todcrn2;  laser energy 
d e n s i t y  = 1.5 Jlcm2; o v e r l a p  = 50%; pulse  d u r a t i o n  = -30 ns.  

Shee t  Jsc (mA/cmZ) voc (VI FF ($1 E f f  ( 0 )  
C e l l  Rho P r e  P o s t  P r e  P o s t  P r e  PO8 t P r e  P o s t  

I D  ( O h d S q )  AR AR AR AR AR AR AR AR 
~~ ~ 

B26-5E 
#1 66-75 19.94 --- 0.579 -0- 75.65 --- 8.71 --- 

I 19.68 --- 0.585 --- 78.06 --- 8.95 --- t 2  

n 20.01 --- 0.589 --- 76.79 --- 9.04 --- t 3  
1 4  
I 5  
16 

n 20.22 --- 0.588 --- 76.95 --- 9.39 --- 
n 20.08 --- 0.587 --- 77.32 --- 9.11 --- 
I) - - -  Shunted - - - 
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The max imum a n d  minimum e f f i c i e n c y  o f  g roup  B26-2.5E is 10.22% 
and 10.08% r e s p e c t i v e l y  b e f o r e  AR, w i t h  1 8  g r i d l i n e s  p roduc ing  9% 
s h a d o w i n g .  T h e s e  c e l l s  w e r e  s e n t  t o  ASEC f o r  AR c o a t i n g .  The 
b e s t  c e l l  (B26-2.5E #2)  had  a n  e f f i c i e n c y  o f  a l m o s t  1 5 . 8 % .  The  
l i g h t  a n d  d a r k  I - V  c u r v e s  of t h i s  c e l l  a r e  p r e s e n t e d  i n  F i g .  
4-10;  F ig .  4-11 shows t h e  s p e c t r a l  r e s p o n s e  a t  AM1.5. 

R e s u l t s  f r o m  t h e  FZ m a t e r i a l  w i t h  i o n  f l u e n c e  of 5 x 1 0 1 5  
atoms/cm2, however, had a poor r e s u l t  i n  a l l  r e s p e c t s .  From t h i s  
expe r imen t ,  it i s  o b v i o u s  t h a t  i o n  implant ene rgy  n e a r  5 k e V  w i t h  
f l u e n c e  a b o u t  3x1015 atoms/cm2 is c a p a b l e  o f  p r o d u c i n g  a h i g h  
e f f i c i e n c y  cel l .  

The e x p e r i m e n t  (B28)  was r e p e a t e d  f o r  t h e  two Cz w a f e r s  (2"x2")  
w i t h  2 . 5 ~ 1 0 1 5  atoms/cm2 f l u e n c e  a t  t h e  s i m i l a r  l a s e r  s e t t i n g s  
e x c e p t  s l i g h t l y  d e c r e a s e d  i n  e n e r g y  d e n s i t y  f r o m  1 . 5  J/cm2 t o  
1 . 4 5  J /cm2.  C e l l s  w e r e  p r o c e s s e d  u t i l i z i n g  p h o t o l i t h o g r a p h i c  
m e t a l l i z a t i o n  t e c h n i q u e s  f o l l o w e d  by AR c o a t i n g s .  R e s u l t s  a r e  
shown i n  T a b l e  4-17. 

Both  J S C  a n d  VoC o f  t h i s  r u n  were a l m o s t  e q u a l  t o  t h e  p r e v i o u s  
one.  I t  was t h e  f i l l  f a c t o r  t ha t  d i f f e r e d  s i g n i f i c a n t l y  a n d  i s  
b e l i e v e d  t o  b e  d u e  t o  e i t h e r  t h e  l a s e r  a n n e a l i n g  p r o c e s s  o r  
i n i t i a l  s u r f a c e  c o n d i t i o n ,  o r  b o t h ,  r a t h e r  t h a n  t h e  c e l l  
p r o c e s s i n g .  

4.2.2.2 n-Type Substrate with 1 l B +  Ion Implant Dopant 

Exper iments  w i t h  n- type w a f e r s  were p e r f o r m e d  w i t h  t h e  i m p r o v e d  
sma l l  ( E X C - 1 )  l a s e r .  M a t e r i a l  used was 4"  n- type Cz (1 ohm-cm) 
1 8  m i l s  t h i c k .  The f r o n t  s i d e  was l l B +  i o n  implan ted  a t  5 k e V  
w i t h  a d o s a g e  of 2 . 5 ~ 1 0 1 5  atoms/cm2. A f t e r  c l e a n i n g ,  t h e  w a f e r s  
were a n n e a l e d  a t  1 . 5 2  J / c m 2  w i t h  50% o v e r l a p  a t  1 .5  J/cm2. The 
backs  were t h e n  c o a t e d  w i t h  spin-on p h o s p h o r u s  d o p a n t  a s  t h e  n+ 
l a y e r  a n d  d i f f u s e d  w i t h  l a s e r  energy of 2.6-2.7 J/cm2. C o n t a c t s  
were of  t h e  1 8  g r i d l i n e  e v a p o r a t e d  t y p e .  Some o f  t h e  b e t t e r  
c e l l s  were AR c o a t e d  a s  summarized i n  T a b l e  4-18. 

The h i g h e s t  e f f i c i e n c y  ob ta ined  was 15% a f t e r  AR (B27N 13) . The 
c u r r e n t  was h i g h e r  t h a n  f o r  a p - t y p e  s u b s t r a t e  of  0.7 ohm-cm 
w h i l e  t h e  V o c  was l o w e r .  The j u n c t i o n  d e p t h  p r o f i l e  on t h e  
emit ter ,  and t h e  back s u r f a c e  showed s a t i s f a c t o r y  d e p t h  w i t h  h i g h  
s u r f a c e  c o n c e n t r a t i o n  on both  a r e a s  (F ig .  4-12). 

4.2.2.3 Small Laser With Double Focus Lens 

The l a se r  s p o t  i n  t h e  above exper iments  w i t h  s i n g l e  l e n s  f o c u s i n g  
was s l i g h t l y  " f u z z y . "  A s e c o n d  f o c u s  l e n s  was i n s t a l l e d  t o  
p roduce  a s h a r p e r  i m p r i n t .  However, r e s u l t s  were p o o r e r  compared 
w i t h  B26. Tab le  4-19 r e p r e s e n t s  a t y p i c a l  example. 
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Pig. 4-10. I-V curves of b e s t  c e l l  from B26-2.5E. 
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F i g .  4-11. Spectral  response of b e s t  ce l l  from B26-2.5E. 

Table 4-17. ASEC-coated Cz c e l l s ;  p h o t o l i t h o  r a p h i c  g r i d l i n e s .  
I m p l a n t  e n e r g y  5 k e V ,  i o n  f l u e n c e  2.5~1013 atoms/cma, l a s e r  
energy d e n s i t y  1.47 J / c m 2 ,  o v e r l a p  SO%, and pu l se  duration -30  
n s .  

FF Ef f 
($1 ($1  Cell Sheet Rho voc 

ID ( V) 

B28 ASEC I 
44-48 31.59 0.603 76.75 14.61 

W 31 . 22 0.606 80 . 46 15.23 

44-48 31.55 0.603 53 -61 10 e21 
W 31.98 0.605 75.71 14 -66 
W 31.65 0 -603 78.90 15.06 

n 31 . 42 0 -605 79.09 15.04 
n 31.89 0.606 78-49 15.17 

I1 
12 
t 3  
t4 

_________________-_________________L____---------------- 

B28 ASEC I1 
t1 
12 
t3 
t4 n 31 . 13 0.597 74-89 13.93 
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Table 4-18. n-type s u b s t r a t e s  processed by small laser .  Con tac t s  
were of t h e  1 8  g r i d l i n e  e v a p o r a t e d  t y p e .  Ion implant  energy 5 
k e V ,  i o n  f l u e n c e  2 . 5 ~ 1 0 1 5  atoms/cm2, o v e r l a p  50%. Laser energy 
d e n s i t y  1.52 J/cm2. 

voc tv) FF (%) Eff ( e )  Sheet  Jsc (mA/cm2) 
Rho P r e  Pos t  P re  Pos t  Pre P o s t  P r e  Pos t  

AR 
C e l l  

I D  ( o h d s q )  AFt AR AR AR AR AR AR 

B27N 
#l 
# 2  
1 3  
#4  

53 22.03 31.73 0.583 0.595 77.68 77.84 9.98 14.70 
21.34 29.18 0.581 0.589 78.39 77.76 9.73 13.36 
22.02 32.68 0.582 0.597 77.21 76.93 9.89 15.00 
21.79 32.15 0,583 0.594 77.71 77.42 9.86 14.79 

n 

n 

II 

The lower  Vo, a n d  p o o r e r  f i l l  f a c t o r  compared w i t h  B26 p r o c e s s  
w i t h  a s i n g l e  l e n s  a r e  due t o  more severe s u r f a c e  damage by t h e  
s h a r p e r  beam s t r u c t u r e .  I n  a d d i t i o n ,  t h e r e  a r e  m o r e  
m i c r o s t r u c t u r a l  d e f e c t s  observed i n  a r a t h e r  c o n s i s t e n t  p a t t e r n .  
T h i s  i s  b e l i e v e d  p a r t l y  due t o  s u r f a c e  c o n t a m i n a t i o n  a n d  t h e  
d e f e c t i v e  kaleidoscope. I n  one l a t e r  s t a g e ,  a s  t h e  k a l e i d o s c o p e  
was r e p l a c e d ,  s u c h  d e f e c t s  disappeared,  l e a v i n g  on ly  s h a r p  edge 
i m p r i n t s  of t h e  laser  beam. R e s u l t s  a l s o  s u g g e s t e d  removal  of 
t h e  second focuss ing  l e n s  so as t o  reduce t h e  edge damage. 

4.3.1 

As mentioned e a r l i e r ,  s u r f a c e  c l ean ing  was observed t o  a f f e c t  t h e  
pe r fo rmance  i n  Voc a n d  f i l l  f a c t o r  of laser annealed ce l l s  more 
s e r i o u s l y  than convent iona l ,  thermal ly  d i f f u s e d  ce l l s .  The main 
r e a s o n  i s  t h a t  l aser  a n n e a l i n g  i s  a p r o c e s s  t h a t  b r i n g s  t h e  
surface temperature t o  near mel t ing  and r e c r y s t a l l i z a t i o n .  D i r t  
s p e c k s  o n  t h e  s u r f a c e  b e c o m e  n u c l e a t i o n  s i t e s  f o r  
c r y s t a l l o g r a p h i c  d e f e c t s  dur ing  anneal ing.  F igu re  4-13 i s  a good 
example  of such d e f e c t s  formed a f t e r  1.3 J/cm2 laser anneal ing.  
B o t h  e p i t a x i a l  r e g r o w t h  a n d  f r e e  ( n o - c o n s t r a i n t )  
r e c r y s t a l l i z a t i o n  a r e  c l e a r l y  d i s t i n g u i s h a b l e  by t h e  (100) and 
(111) s t ruc tu res  r e s p e c t i v e l y  a t  such d e f e c t s .  

L i g h t  s c r u b b i n g  w i t h  c l o t h  and  d e t e r g e n t  was f o u n d  capab le  of 
reducing,  but no t  t o t a l l y  removing,  t h e  s u r f  ace c o n t a m i n a t i o n .  
However, s u c h  a c l e a n s i n g  p r o c e d u r e  was d e t r i m e n t a l  t o  t h e  i o n  
implanted sur face .  

S a m p l e s  o f  3 '  d i a m e t e r  FZ p- type  wafers w i t h  5 k e V  31P+ i o n  
i m p l a n t  were d i v i d e d  i n t o  l o t s  t o  t e s t  f o r  t h e  e f f e c t s  o f  
d i f f e r e n t  sur face  p r e p a r a t i o n  t echn iques  (Fig.  4-14) .  
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T a b l e  4-19. T y p i c a l  e x p e r i m e n t a l  r e s u l t  w i t h  l a s e r  beam 
d o u b l e - f o c u s e d  f o r  a s h a r p e r  beam s t r u c t u r e .  

Sample Jsc voc FF E f f  
I D  (mA/cm2) (VI ( % I  ( % I  

B49A #1 19.97 0.570 70.71 8.04 
A # 2  20 . 86 0.582 74.40 9.03 
E #1 20.70 0.582 77.50 9.33 

# 2  19 .50  0.579 77.60 8.76 
#3  20.83 0.583 76.72 9.30 
# 4  20.59 0.586 76.29 9 .54  

F #1 21 -33  0.586 76.29 9.54 
#2 21.22 0.586 76.22 9.48 
# 3  21.36 0.586 75.12 9 .41  
#4  21.15 0.586 76.89 9.52 

.......................................... 

Pig. 4-13. Defects fo rmed  a f t e r  1 . 3  J/cm2 a n n e a l i n g .  

T h e  i n - h o u s e  c h e m i c a l  c l e a n i n g  i n c l u d e d  H2SO4 + H202 a t  e levated 
t e m p e r a t u r e  f o l l o w e d  b y  1 0 %  HF + 1 5 %  H C 1  e t c h i n g  a n d  r i n s i n g  
b e f o r e  s c r u b b i n g  w i t h  d e t e r g e n t .  T h e  l i g h t  a n d  h a r d  s c r u b b i n g  
were d e f i n e d  r e s p e c t i v e l y  a s  w i t h  a n d  w i t h o u t  p r e s s u r e  d u r i n g  
s c r u b b i n g .  W a f e r s  were e x a m i n e d  u n d e r  microscope  a f t e r  l a se r  
a n n e a l i n g  a t  1 .3  J/cm2 or  1 . 4  J/cm2 ( F i g .  4 -15 ) .  R e s u l t s  s u g g e s t  
t h a t  h a r d  s c r u b b i n g  d a m a g e d  t h e  s u r f a c e  b y  i n t r o d u c i n g  
m i c r o s c r a t c h e s .  However , h a r d  s c r u b b i n g  o n  w a f e r s  w i t h o u t  i o n  
i m p l a n t  d i d  n o t  show s c r a t c h e s  a f t e r  l a s e r  a n n e a l i n g ,  i n d i c a t i n g  
t h e  d i f f e r e n c e  i n  h a r d n e s s  b e t w e e n  t h e  i o n  implanted l a y e r  and  
t h e  c r y s t a l l i n e  s i l i c o n  s u r f a c e .  
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S u r f a c e  damage on w a f e r s  c l e a n e d  by t h e  vendor  was even  more 
s e v e r e  ( F i g .  4 - 1 6 ) .  S c r a t c h e s  were o f  t h e  l i n e a r  t y p e .  
Microdefec ts  ( " h a z e " ) ,  on t h e  o t h e r  hand ,  were found  t o  be of  
lower d e n s i t y  than  found w i t h  scrubbing. 

I Implanted I 
I 3"  Wafer I 
I 5 keV I 
I 5x1015 atoms/cm2 I 

I 
I 

I I I 
I I I 

IIn-House Cleaning, l  IIn-House Cleaning, l  ISent  t o  Pol i sh ing1  
I Hard Scrubbing  I ILight Scrubbing I I Vendor f o r  I 
I w i t h  Detergent  I I I I  Cleaning I 
I I I I I 

I I I 
I I I 

_I_ 

I l l  

I HC1 I 
I-- I 

I 
I 

I Laser Annealing I 
I a t  1.3 J/cm* I 
I o r  1 . 4  J/cm2 I 
I I 

Fig. 4-14. Comparison of su r face  p r e p a r a t i o n  techniques .  

The r e s u l t s  sugges t ,  i n  gene ra l ,  t h a t  mechanical sc rubbing  c a u s e s  
s u r f a c e  damage on i o n  implanted wafers .  However, s u r f a c e  damage 
defects were not  observable  p r i o r  t o  l a s e r  annea l ing .  Apparent ly  
l a s e r  annea l ing  of s i l i c o n  s u r f a c e s  may be used t o  r evea l  s u r f a c e  
defects ,  as  an a l t e r n a t i v e  t o  using p r e f e r e n t i a l  e t c h a n t s  such a s  
S i r t l  and Secco. 

Hard s c r u b b i n g  on i o n  implanted wafers  a p p a r e n t l y  almost removed 
t h e  implant  l a y e r .  The s h e e t  r h o  of  w a f e r s  c l e a n e d  w i t h  h a r d  
scrubbing o f t e n  exceeded 200 ohms/square. 

4.3.2 -_o f !  

As t h e  l a s e r  p r o j e c t  progressed,  t h e  e f f e c t s  of s u r f a c e  c o n d i t i o n  
and surface contamination on l a s e r  a n n e a l e d  c e l l s  became b e t t e r  
understood. 
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a. L i g h t  s c r u b b i n g ;  1 .3  J / c m 2  b. Hard s c r u b b i n g ;  1.3 J / c m 2  

1 c. L i g h t  s c rubb ing ;  1 . 4  J / c m 2  d. Hard s c r u b b i n g ;  1 . 4  J / c m 2  

Fig. 4-15. Wafers c l e a n e d  in-house and t h e n  l a s e r  annea led .  
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I 
1 
I 

F i g .  4-16. Wafer c leaned  by vendor a f t e r  i o n  implan t .  

The D I  w a t e r  s y s t e m  was r e d e s i g n e d  t o  u p g r a d e  q u a l i t y .  A s  a 
r e s u l t ,  t h e  water r e s i s t a n c e  i s  a s  h i g h  a s  1 8  megohms w i t h  5 
micron  a b s o l u t e  f i l t r a t i o n .  W a t e r  o f  s u c h  h i g h  r e s i s t a n c e  i s  
u s u a l l y  c o n s i d e r e d  t o  be  e x c e l l e n t  D I  w a t e r  q u a l i t y .  However, 
a n a l y s i s  o f  a c c u m u l a t e d  d a t a  l e d  t o  t h e  d i s c o v e r y  t h a t  w a t e r  
r e s i s t a n c e  i s  o n l y  o n e  o f  t h e  b a s i c  r e q u i r e m e n t s .  The o t h e r  
i m p o r t a n t  f a c t o r  i s  t h e  presence  of s u b m i c r o n  p a r t i c u l a t e s  t h a t  
a r e  a p p a r e n t l y  non-po la r i zab le  and t h u s  n o t  c o n d u c t i v e  enough t o  
b e  d e t e c t e d  by t h e  r e s i s t a n c e  p r o b e s .  Such  p a r t i c u l a t e s  may 
cause s e r i o u s  r e d u c t i o n  i n  f i l l  f a c t o r  of l a se r  a n n e a l e d  cel ls .  

A c l e a r  example  o c c u r r e d  d u r i n g  t h e  c l e a n i n g  o f  wafers M o r e  
l a s e r  a n n e a l i n g ,  w h e r e  t h e  w a t e r  r e s i s t a n c e  was o b s e r v e d  t o  
d e c r e a s e  from 16 megohms t o  13 megohms. Wate r  t r a n s p a r e n c y  was 
t h e n  t e s t e d  by s h i n i n g  a cohe ren t  l i g h t  th rough it. A column of 
h a z e  was s e e n ,  i n d i c a t i n g  t h a t  t h e  l i g h t  was b e i n g  s c a t t e r e d  by  
f i n e  p a r t i c l e s .  I n s t a l l a t i o n  o f  a 2 . 0  m i c r o n  f i l t e r  g r e a t l y  
reduced  t h e  haze .  The 0 . 2  mic ron  f i l t e r  l a t e r  was f o u n d  t o  b e  
c o m p l e t e l y  b l o c k e d  a f t e r  3 h o u r s  o f  w a t e r  f l o w .  V i s u a l  
examina t ion  of t h e  f i l t e r  e lement  r e v e a l e d  a s l i g h t l y  y e l l o w i s h  
f i l m .  The p a r t i c u l a t e s  probably came from t h e  incoming s o u r c e  of 
n o n - p o t a b l e  w a t e r .  The p a r t i c u l a t e s  were f o u n d  t o  c o n t a i n  
calcium and i r o n  a s  ox ides .  

The c e l l s  made from t h e  exper iments ,  w i t h  and w i t h o u t  t h e  u s e  of 
a 0 . 2  m i c r o n  f i l t e r ,  w e r e  e l e c t r i c a l l y  c h a r a c t e r i z e d  ( T a b l e  
4 - 2 0 ) .  A l s o  i n c l u d e d  w e r e  c o n t r o l  c e l l s  t h a t  were t h e r m a l l y  
d i f f u s e d  and m e t a l l i z e d  s imul t aneous ly .  
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Table 4-20. 
D I  water  r e  
k e V ,  3x1015 

Wafers c l e a n e d  w i t h o u t  a n d  w i t h  0 . 2  micron  f i l t e r .  
s i s t ance  -16-13  megohms. Wafe r s  i o n  i m p l a n t e d  a t  5 
atoms/cm2, l a se r  e n e r g y  1.5 J/cm2, 50% o v e r l a p .  

a .  Wafers c l e a n e d  w i t h o u t  0.2 micron f i l t e r .  

FF E f f  
(%I ( % I  

Sample Jsc voc 
NO. (mMcrn2) (v) 

B44-1 .5  
#1 20.05 0.580 61.66 7 -17  
#2  20 . 43 0 -580 70 - 7 5  8.40 
# 3  18.19 0.582 64.35 6.82 
# 4  1 7  -20 0.575 58.57 5.79 

C o n t r o l  R59I 
#1 21.92 0.595 77.54 10 .11  
#2  22.15 0.596 77 - 6 5  10 .25  

b. Wafers  c l e a n e d  w i t h  0.2 micron f i l t e r .  

Sample Jsc voc FF E f f  
NO. (mMcm2) (v) ( $ 1  ( % I  

B45-1.5 
#1 19.39 0.583 77.54 8.76 
#2  20.26 0 -583  76 -24 9.01 
# 3  20.20 0.583 76.84 9.05 
#4  19 .89  0.583 77.54 8.99 

C o n t r o l  B45 R59I I  
#1 21.36 0.589 78.09 9.82 
#2 21.89 0.591 77 -83  10.07 

As t h e  d a t a  show, t h e  main d i f f e r e n c e  between t h e s e  two g r o u p s  of 
c e l l s  i s  i n  t h e  f i l l  f a c t o r ,  w h i c h  i s  much poorer  i n  c e l l s  
c l e a n e d  w i t h o u t  a 0.2 micron f i l t e r .  

4.4 : 
Based  on t h e  e x p e r i m e n t a l  r e su l t s  o b t a i n e d ,  t h e  a n n e a l i n g  p r o c e s s  
was f i n a l i z e d  near t h e  end  o f  t h e  p r o j e c t .  

4.4.1 Dopant Source and M- 

F o r  n+  j u n c t i o n  f o r m a t i o n ,  o n l y  i o n  imp lan t  is s u i t a b l e  due t o  
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i t s  c o n t r o l l a b i l i t y  and r e p e a t a b i l i t y .  P a r a m e t e r s  recommended 
a r e :  

5 k e V  
2x1015 atoms/cm2 

Lower k e V  i s  more d e s i r a b l e  i f  a v a i l a b l e .  

4.4-2 

The  f r o n t  s u r f a c e  m u s t  be f r e e  of d e f e c t s  and  c o n t a m i n a t i o n ,  
meaning a c h e m i c a l l y - m e c h a n i c a l l y  f i n i s h e d  c o n d i t i o n .  I n  
a d d i t i o n ,  t h e  c leaning  procedure should i n c l u d e  a c i d  e t c h i n g  and 
s p i n  r i n s e  w i t h  h i g h  r e s i s t a n c e  D I  w a t e r  p l u s  s u b m i c r o n  
f i l t e r i n g .  T h e  p rocess  i s  shown i n  Fig.  4-17. 

Chem- Me c h  
P o l i s h  

1 
I 

50%:50% 
I 
I 

R i n s e  

H2S04:H202 

18-20 megaohm D I  
0.2 micron F i l t r a t i o n  

I 
I 

1% HF 

I 
I 

Spin  R i n s e  
18-20 megaohm D I  

Spin-Spr ay 

s u b  micron F i l t r a t i o n  

Fig. 4-17, Sur face  c l ean ing  process .  

Such c l ean ing  should be performed b e f o r e  and  a f t e r  i o n  i m p l a n t .  
The f i n a l  1% HF and s p i n  e tch ing- r ins ing  h a s  been very  e f f e c t i v e  
i n  reducing s u r f a c e  contamination such  a s  water  s p o t s  and d i r t .  

4 - 4 - 3  LaserParameters 
D u e  t o  t h e  l a s e r  i nhomogene i ty ,  a k a l e i d o s c o p e  was added t o  
improve t h e  un i formi ty  wh i l e  50% o v e r l a p  was s t i l l  n e c e s s a r y  f o r  
c o m p l e t e  a n n e a l i n g .  S i n g l e  l e n s  f o c u s i n g  was f o u n d  b e s t  i n  
reducing edge and s u r f a c e  damage. The b e s t  e n e r g y  d e n s i t y  was 
a b o u t  1 . 4  J / c m 2  f o r  5 k e V  i o n  i m p l a n t .  S h a l l o w e r  i m p l a n t  
r e q u i r e d  less energy d e n s i t y  fo r  comple te  a n n e a l i n g .  The f i n a l  
selected p rocess  sequence is summarized i n  Fig.  4-18. 
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p-type 0.7-1 ohm-cm 
I 
I 

Chem-Mech P o l i s h i n g  
I 
I 

1 
I 

Ion  Implan t  31p+ 
5 k e V ,  2x1015 atoms/cm2 

I 
I 

I 
I 

I 
I 

Acid C lean ing  and S p i n  HF E t c h i n g / R i n s i n g  

Acid Cleaning  and S p i n  HF E t c h i n g / R i n s i n g  

1 . 4  J / c m 2 ,  50% Over lap ,  Laser Anneal ing  

S u r f a c e  E t c h i n g  HN03:HF, 5 seconds  
100: 1 

I 
I 

Photoresist-Metallization 
I 
I 

I 
1 

AR Coat ing  

T e s t i n g  a t  AM1.5, 25OC 

Fig. 4-18. F i n a l  p r o c e s s i n g  sequence.  

The l a s t  b a t c h  which c o n t a i n e d  50 w a f e r s  ( 2  cmx2 c m  s q u a r e )  was 
p r o c e s s e d  a s  d e s c r i b e d .  P e e l i n g  problems were e n c o u n t e r e d  d u r i n g  
m e t a l l i z a t i o n  and caused  t h e  l o s s  of most of t h e  wafers .  Wafers 
t h a t  p a s s e d  t h e  t a p e  t e s t  a f t e r  m e t a l l i z a t i o n  had e f f i c i e n c y  a s  
h i g h  a s  1 6 % ,  demons t r a t ing  t h e  f a c t  t h a t  t h e  p r o c e s s  s e q u e n c e  i s  
s a t i s f a c t o r y .  

4.5 -N (2 cm x 2 ml 

A l l  1 6  of  t h e  2 c m  x 2 c m  c e l l s  s u r v i v e d  t h e  s t a n d a r d  commercial  
m e t a l l i z a t i o n  p r o c e s s .  Average e f f i c i e n c y  a f t e r  AR c o a t i n g  was 
15 .4% w i t h  t h e  h i g h e s t  above 1 6 %  a t  AM1.5. T a b l e  4-21 summarizes 
t h e  o v e r a l l  r e s u l t .  F i g u r e  4-19a r e p r e s e n t s  t h e  b e s t  c e l l  I - V  
c h a r a c t e r i s t i c s .  A v e r a g e  quan tum e f f i c i e n c y  ( F i g .  4-19b)  i s  
s u p e r i o r  t o  a compan ion  1 6 %  c o m m e r c i a l  space c e l l .  The  f i l l  
f a c t o r  o f  t h e  l a s e r  a n n e a l e d  s a m p l e  i s  c o m p a r a t i v e l y  s o f t e r  
b e c a u s e  of t h e  s h a l l o w  j u n c t i o n  p r o p e r t y  t h a t  g i v e s  r i s e  t o  
h i g h e r  current  b u t  i s  s l i g h t l y  shun ted  i n  f i l l  f a c t o r .  
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T a b l e  4-21. Elec t r i ca l  per formance  of  t h e  b a t c h - p r o c e s s e d  ce l l s .  

Sample Jsc voc FF Eff  
No . (mA/cm2) ( V) ( % I  ( % I  
~ 

B61/62 
#1 
# 2  
#3  
# 4  
#5 
#6 
#7 
#8  
#9  
#10 
ill 
#12 
#13 
#14 
#15 
#16 

<AVERAGE > 

33.07 
33.20 
33.40 
33.85 
33.65 
33.80 
33.47 
33.59 
33.84 
33.88 
33.46 
33.35 
33.38 
33.15 
33.16 
32.09 

33.40 

0.600 
0 -600 
0 -608  
0.610 
0.607 
0.608 
0.607 
0.607 
0.607 
0.605 
0.605 
0 -605 
0.603 
0 -607 
0 -607 
0.607 

0.606 

75.88 
75.92 
78.65 
77 077 
76.81 
77 -87  
77.78 
76.12 
77.41 
78.09 
76.91 
77 079 
72.53 
71.96 
70.12 
75.15 

76.05 

15 .07  
15 .12  
15 .98  
16.06 
15.89 
16 .01  
15.80 
15  . 52 
15.90 
15.54 
15.56 
15.69 
14.60 
14.47 
14 .11  
15 .02  

15.40 

4.6 

T h r e e  a p p r o a c h e s  were examined f o r  t h e  u s e  of  excimer l a se r s  i n  
t h e  f a b r i c a t i o n  o f  f i n e  l i n e  m e t a l l i z a t i o n .  The  f i r s t  a p p r o a c h  
was b a s e d  o n  l a se r  a s s i s t e d  chemical vapor d e p o s i t i o n ,  LCVD. I n  
t h i s  a p p r o a c h ,  t h e  w a f e r  i s  put i n t o  a chamber  c o n t a i n i n g  a g a s  
w h i c h  c o n t a i n s  a m e t a l  a t o m  a s  p a r t  o f  i t s  makeup ,  s u c h  a s  
t u n g s t e n  h e x a f l u o r i d e  o r  t r i m e t h y l  aluminum. A l a se r  beam e n t e r s  
t h e  c h a m b e r  t h r o u g h  a s i l i c a  p o r t  a i m e d  a t  t h e  wafer  s u r f a c e .  
Two types of  processes c a n  t a k e  place. I n  t h e  f i r s t ,  t h e  meta l  
c o n t a i n i n g  m o l e c u l e s  a b s o r b  t h e  l a s e r  r a d i a t i o n  a n d  decompose 
f o r m i n g  t h e  f r e e  metal which d i f f u s e s  t o  t h e  metal s u r f a c e  w h e r e  
i t  a d h e r e s .  I n  t h e  s e c o n d  p r o c e s s ,  t h e  beam passes t h r o u g h  t h e  
g a s  a n d  h i t s  t h e  s u r f a c e  of t h e  w a f e r ,  h e a t i n g  i t  up .  M e t a l  
c o n t a i n i n g  g a s  m o l e c u l e s  wh ich  d i f f u s e  t o  t h e  s u r f a c e  a r e  t h e n  
d e c o m p o s e d  f o r m i n g  t h e  f r e e  m e t a l .  I n  b o t h  of  t h e s e  LCVD 
processes, t h e  l oca l  n a t u r e  of t h e  l a se r  beam can b e  used  t o  form 
a f i n e  l i n e .  

T h e  s e c o n d  a p p r o a c h  examined  was t h e  u s e  o f  a l a s e r  beam t o  
r e d u c e  a c o a t i n g  of  a metal  c o n t a i n i n g  o r g a n i c  t o  t h e  m e t a l l i c  
s t a t e .  E x p e r i m e n t s  o n  t h i s  d i r e c t  w r i t i n g  t e c h n i q u e  were 
c o n d u c t e d  u s i n g  wafe r s  c o a t e d  w i t h  s i l v e r  n e o d e c a n o a t e .  T h e  
c o a t i n g  w a s  o b t a i n e d  b y  s p i n - o n  o f  s o l u t i o n s  o f  s i l v e r  
n e o d e c a n o a t e  i n  h e x a n e  o n t o  s i l i c o n  s u r f a c e s  f o l l o w e d  b y  
e v a p o r a t i o n  of  t h e  xy lene .  
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Fig. 4-19a. I-V of the best c e l l  of the 16-cell group processed. 

Sanaul.: HEAT TREATED 14 

Uo1t.n: 8.888 Volts LlMt D i u :  M 

Date/tine: 18-JW-85 lS:33:21 Operator: 0 HOMC 
S9rt.n Cal abated  IO-JW-SS IS:21:06 Stoadard Cell a32S 

WELENGTH CnenoMtur) REMV. 
JSC= 33.51 nae/cnt~ 

Fig. 4-19b. Quantum efficiency of the c e l l .  
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The t h i r d  a p p r o a c h  was t o  s i n t e r  p r e v i o u s l y  d e p o s i t e d  f i l m s  of 
T i /Pd /Ag  w i t h  t h e  l a s e r  beam c a u s i n g  t h e  s i n t e r e d  r e g i o n s  t o  
a d h e r e  p r e f e r e n t i a l l y  t o  t h e  s i l i c o n  s u r f a c e .  

However, none of t h e  a b o v e  e x p e r i m e n t s  y i e l d e d  a g r i d  p a t t e r n  
good enough f o r  c e l l  t e s t i n g .  The  main problems were  adhes ion ,  
metal p u r i t y  and t h i c k n e s s ,  and d e p o s i t i o n  ra te .  

4.6.1 Tunqsten on S i l i c o n  (Batch 1) From WFG - G u  

The s a m p l e  f r o m  t h e  f i r s t  ba tch  had d i s t i n c t  l i n e s  su r rounded  by 
a heavy w h i t e  haze  (F ig .  4-20) .  L ine  wid th  r a n g e s  from 0.012" t o  
0 . 0 1 7 "  w i t h  h e i g h t  c l o s e  t o  l O O O A  ( F i g .  4-21) . Auger a - i a l y s i s  
was c o n d u c t e d  on t h e  l i n e  a r e a  (F ig .  4-22a) .  An AES spectrum of 
t h e  d e p o s i t e d  l i n e  a r e a  showed t h e  s u r f a c e  compos i t ion  t o  be W02 
w i t h  t races  of s i l v e r  and u b i q u i t i o u s  c a r b o n .  The AES s p e c t r u m  
o f  t h e  l i n e  a r e a  a f t e r  s p u t t e r  r e m o v a l  o f  a b o u t  100% from t h e  
f i l m  r e v e a l e d  no t u n g s t e n  metal ( F i g .  4-2213). The h a z e  a r e a  was 
found  t o  be W02, Ag, and S i .  The SEM image of t h i s  area showed a 
f l o c c u l a n t - l i k e  s u r f a c e  d e p o s i t .  A p p a r e n t l y  t h e  S i  i n  t h e  
f l o c c u l a n t  d e p o s i t  came from t h e  s u b s t r a t e s  t h a t  were s p u t t e r e d  
by t h e  h i g h  l a s e r  ene rgy .  

Fig. 4-20. O v e r a l l  photograph of t u n g s t e n  l i n e s  d e p o s i t e d .  Note 
t h e  hazy area i s  t u n g s t e n ,  t u n g s t e n  o x i d e  d u s t .  
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Fig. 4-21. Surface p r o f i l e  on t u n g s t e n  l i n e s  d e p o s i t e d  from WF6 
by DEKTAK. 

Again,  t h e  d e p o s i t i o n  was found t o  be W02. N o  Ag was obse rved  i n  
t h i s  sample,  l e a d i n g  t o  t h e  c o n c l u s i o n  t h a t  t h e  Ag i n  t h e  f i r s t  
sample  was c a u s e d  by e x t e r n a l  c o n t a m i n a t i o n  d u r i n g  w a f e r  
h a n d l i n g  . 

. .  4.6.3 Alumj~kum on -con (Be& 8 )  f- 

Auger a n a l y s i s  of t h e  i n i t i a l  sample r e v e a l e d  o n l y  aluminum o x i d e  
w i t h  t r a c e s  of f l u o r i n e  a n d  a l a r g e  q u a n t i t y  o f  c a r b o n .  A f t e r  
s p u t t e r  removal  of  a b o u t  l o o &  f r o m  t h e  f i l m ,  e l e m e n t a l  s i l i c o n  
was d e t e c t e d  i n  a d d i t i o n  t o  aluminum oxide.  T h i s  i n d i c a t e s  t h a t  
t h e  f i l m  d e p o s i t e d  was f u l l y  o x i d i z e d  ( F i g .  4-23). 

I n  g e n e r a l ,  no e l e m e n t a l  metal was found i n  t h e  d e p o s i t e d  l i n e s ,  
w h e t h e r  WFg o r  TMAL. T h e  s o u r c e  of oxygen c a u s i n g  o x i d a t i o n  i s  
a s  y e t  undetermined. 

Exper iments  with v a r i o u s  c o n d i t i o n s  a s  shown i n  T a b l e  3-3 such  a s  
c h a n g e  i n  g a s  r a t i o ,  f l o w  r a t e ,  s u b s t r a t e  t e m p e r a t u r e ,  a n d  
e x p o s u r e  t i m e s  were performed.  However, no improvement on me ta l  
q u a l i t y  o r  adhes ion  was obse rved .  
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4.6.4 

The s o l u t e  was d i s s o l v e d  i n  xylene  by t h e  r a t i o  of 1 gram p e r  100  
cm3. Water c o n t e n t  i n  t h e  s o l u t i o n  was removed by c e n t r i f u g a l  
p r o c e s s i n g .  A f ew d r o p s  of  t h e  s o l u t i o n  were a p p l i e d  t o  t h e  
s p i n n i n g  s i l i c o n  wafer  t o  produce a f i l m  a b o u t  1 0  mic rons  t h i c k .  
T h e  f i l m  was t h e n  d r i e d  i n  t h e  o v e n  a t  1 0 0 ° C  f o r  1 0  t o  1 5  
m i n u t e s .  L a s e r  w r i t i n g  was performed i n  a i r  w i t h  t h e  l a s e r  beam 
s i z e d  a t  0 . 1 ~ 1 2  mm. The  number o f  p u l s e s  were 1, 1 0 ,  50, 1 0 0 ,  
a n d  250. ( F o r  p a r a m e t e r  d e t a i l s ,  r e f e r  t o  S e c t i o n  3.5.2,  T a b l e  
3-2.) The g r i d  p a t t e r n  was a s  shown i n  F ig .  4-24. The ohmic b a r  
i s  composed o f  m u l t i p l e  s h o t s  of l i n e s  o v e r l a p p i n g  each  o t h e r  t o  
t h e  w i d t h  o f  0.040". F i g u r e  4-25 s h o w s  t h e  r e m a i n s  o f  t h e  
p a t t e r n  a f t e r  d i s s o l v i n g  t h e  f i l m  i n  xy lene .  A c l o s e  examina t ion  
of t h e  l i n e s  r e v e a l e d  a v e r y  small amount of metal on t h e  s u r f a c e  
w h e r e  d i r e c t l y  l a s e r  e x p o s e d ,  e s p e c i a l l y  a t  t h e  center  of t h e  
beam. A t  t h e  e n d s  of t h e  beam w h e r e  l a s e r  i n t e n s i t y  d e c r e a s e d  
s h a r p l y ,  t r a c e s  o f  m e t a l  f i l m  w e r e  o b s e r v a b l e .  T h i s  s u g g e s t s  
t h a t  t h e  l a se r  energy  used was t o o  g r e a t .  

Pig. 4-24. G r i d  p a t t e r n  f o r  s i l v e r  neodecanoate  m e t a l l i z a t i o n .  

Pig. 4-25. Remains of p a t t e r n  a f t e r  d i s s o l v i n g  f i l m .  
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- -  . .  4.6.5 mrect T i  

An expe r imen t  t o  s i n t e r  g r i d l i n e s  on to  s i l i c o n  by d i r e c t  w r i t i n g  
o n t o  e v a p o r a t e d  Ti-Pd-Ag f i l m  was a l s o  a t t e m p t e d ,  b u t  w i t h o u t  
s u c c e s s .  P r e f e r e n t i a l  r e m o v a l  of T i  me ta l  f r o m  t h e  s i l i c o n  
l e a v i n g  o n l y  t h e  l a s e r  w r i t t e n  g r i d l i n e  was f o u n d  t o  b e  v e r y  
d i f f i c u l t .  

4.7 sluwux- 
The  l a s t  s u b j e c t  t o  b e  i n v e s t i g a t e d  was s u r f a c e  p a s s i v a t i o n  by 
p h o t o d e p o s i t i o n  o f  S i 0 2  o n t o  p r o c e s s e d  s i l i c o n  s o l a r  ce l l s .  A 
p a s s i v a t e d  s u r f  a c e  w o u l d  h a v e  l ower  s u r f  a c e  r e c o m b i n a t i o n  
v e l o c i t y  f o r  l o w e r  d a r k  c u r r e n t ,  Jo,  t h a t  w o u l d  c o n t r i b u t e  t o  
h i g h e r  Voc. 

T h e  c o n c e p t  o f  p a s s i v a t i o n  b y  o x i d e  d e p o s i t i o n  ( i n s t e a d  of 
t h e r m a l l y  grown Si021 was f i r s t  t e s t e d  by s p u t t e r i n g  o x i d e .  lOOA 
o x i d e  was s p u t t e r e d  o n t o  f o u r  s o l a r  cel ls .  Measurements b e f o r e  
a n d  a f t e r  d e p o s i t i o n  a s  w e l l  a s  a t  5 O O O C  a n n e a l i n g  temperature 
a r e  summarized i n  T a b l e  4-22. 

R e s u l t s  w e r e  s o  s p o r a d i c  t h a t  no c o n c l u s i o n  c o u l d  b e  d r a w n .  
S l i g h t  V o c  i m p r o v e m e n t  was n o t e d  i n  c e l l  C 1  t o  C3. B u t  C 4  
o b v i o u s l y  was degraded  f o r  unknown reasons,  e i t h e r  from s t ress  o r  
by a damaged surface,  due t o  excessive h a n d l i n g .  

Table 4-22. R e s u l t s  of p a s s i v a t i o n  by s p u t t e r e d  o x i d e .  

Sample Jsc v o c  FF E f f  
No. (mA/cm2) ( V) ( % I  ( % I  

CzDWCl 20.10 0.574 76.75 8 -85  
+lOOOA S i 0 2  20.51 0.564 75.66 8.75 
+5OO0C 21.15 0.582 72.70 8 - 9 5  

CzDWC2 20.17 0.574 78.06 9.04 
+ l O O O A  19 .63  0.589 76.35 8 - 8 3  
+ 5 O O 0 C  19.65 0.591 77.00 8 -94  

CzDWC3 19.34 0 -581  68.11 7.65 
+lOOOA 19.62 0 -586 70.49 8 -11 
+ 5 O O 0 C  19.67 0.588 71.66 8 -29  

CzDWC4 19 .33  0 -589 78.42 8 -92  
+ loooc  20.42 0.574 76.80 9.01 
+ 5 O O 0 C  20.76 0.579 75.36 9 -06  
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S e v e r a l  e x p e r i m e n t s  i n  l a s e r  d e p o s i t i o n  of S i02  followed. The 
laser  beam was perpendicular  t o  t h e  ce l l  s u r f a c e .  

I n  t h e  f i r s t  experiment,  oxide was depos i t ed  on to  a bare s i l i c o n  
s u r f a c e  w i t h  1 0 0 0  and 2000 sho t s  r e s p e c t i v e l y .  Spo t s  of brownish 
c o l o r  were o b s e r v a b l e .  Adhesion was e x c e l l e n t .  AES a n a l y s i s  
i n d i c a t e d  S i 0 2  compound w i t h  l e s s  t h a n  6% of n i t r o g e n  (Fig.  4-26) 
and  AES p r o f i l e  suggested t h a t  t h e  oxide t h i c k n e s s  was about  15081 
(F ig .  4-27) .  

T h r e e  a c t u a l  d e p o s i t i o n s  fo l lowed t h e r e a f t e r  on to  f i n i s h e d  s o l a r  
cel ls .  I n  t h e  f i r s t  expe r imen t  ( B 2 2 1 ,  t h e  sample  was a l a s e r  
a n n e a l e d  c e l l ,  B61RW, t h e  l a s e r  e n e r g y  a t  about 2 0  m J / c m 2 .  I t  
took 45 s p o t s  t o  cover t he  whole a r e a  a t  50% o v e r l a p .  Each  s p o t  
had  1500 s h o t s  o f  e x p o s u r e .  F i g u r e  4 -28  shows t h e  I-V cu rves  
b e f o r e  and  a f t e r  p a s s i v a t i o n .  W h i l e  t h e  d a r k  I - V  r e m a i n e d  
p r a c t i c a l l y  unchanged,  t h e  Jsc h a d  a n  i n c r e m e n t  of 1.5 mA/cm2 
d e p o s i t e d  o x i d e  t h a t  enhanced t h e  c u r r e n t  d u e  t o  i n c r e a s e  i n  
o p t i c a l  c o u p l i n g .  A n  a c t u a l  p a s s i v a t i o n  e f f e c t  w a s  n o t  
de t ec t a  b l  e . 
The n e x t  exper iment  involved four  s o l a r  cel ls .  Laser parameters  
were s i m i l a r  t o  t h o s e  i n  t h e  previous experiment.  The s u b s t r a t e s  
were hea ted  t o  90°C dur ing  depos i t ion .  A f a i n t  brownish f i l m  was 
o b s e r v a b l e  on t h e  f r o n t  s u r f a c e .  E l l i p s o m e t r i c  measurements  
i n d i c a t e d  t h a t  t h e  f i l m  t h i ckness  was about  200 nm. Again ,  o n l y  
o p t i c a l  e n h a n c e m e n t  was  o b s e r v e d  a s  i n d i c a t e d  by t h e  I - V  
measurement summarized i n  Table 4-23. 

The l a s t  exper iment  i n  t h e  pas s iva t ion  s tudy  was performed a t  an 
e l e v a t e d  temperature ,  d i f f e r e n t  l a s e r  energy d e n s i t y ,  and v a r i o u s  
e x p o s u r e  p u l s e s .  T h e  d e p o s i t i o n  p a r a m e t e r s  and  e l e c t r i c a l  
r e s u l t s  f o r  t h e  t h r e e  cel ls  used i n  t h e  e x p e r i m e n t  a r e  g i v e n  i n  
Table 4-24. 

I n  t h i s  expe r imen t ,  t h e  Jsc is  only s l i g h t l y  improved both i n  20 
m J ,  1 0 0 0  s h o t s ,  and 50 m J ,  1 0 0  s h o t s .  The  Voc ,  on t h e  o t h e r  
hand, shows an  i n c r e a s e  of a few mV i n  a l l  samples. The re  i s  n o t  
much d i f f e r e n c e  i n  i n c r e a s i n g  t h e  energy d e n s i t y  while  dec reas ing  
t h e  exposure p u l s e s .  I n  comparing w i t h  t h e  p r e v i o u s  e x p e r i m e n t ,  
it seems t h a t  d e p o s i t i o n  a t  e l e v a t e d  t e m p e r a t u r e s  would cause 
some improvements  i n  Voc.  Dark I - V  measurement d i d  n o t  show 
improvement  i n  Jo l  and J o 2 ,  b u t  t h e  d a r k  r e v e r s e  c u r r e n t  was 
found t o  be lowered. 

A t  t h i s  s t a g e ,  t h e r e  i s  n o  c o n c l u s i v e  evidence t o  show whether 
l a se r  a s s i s t e d  CVD S i 0 2  on to  s i l i c o n  s o l a r  ce l l s  w i l l  o r  w i l l  n o t  
p a s s i v a t e  t h e  s u r f a c e  s t a t e s ,  s i m i l a r  t o  t h e  e x p e r i m e n t  o f  
s p u t t e r e d  S i 0 2 .  However, c o n s i d e r i n g  t h e  a c t i v a t i o n  e n e r g y  
p r o v i d e d  by l a s e r ,  t h e  LCVD a p p e a r e d  t o  be  p r e f e r a b l e  when 
p a s s i v a t i n g  t h e  su r faces .  The s u b j e c t  i s  d e f i n i t e l y  t o o  immatu re  
t o  be abandoned a t  t h i s  s t a g e .  E x p e r i m e n t s  s u c h  a s  i n c r e a s e d  
l a s e r  e n e r g y ,  s u b s t r a t e  t e m p e r a t u r e ,  a n d  p o s t  d e p o s i t i o n  
annea l ing  could be performed. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

Pig. 4-26. AES a n a l y s i s  i n d i c a t i n g  S i 0 2  compound h a s  less than 6% 
n i t r o g e n .  

Fig. 4-27. AES p r o f i l e  s u g g e s t i n g  o x i d e  t h i c k n e s s  about 1508. 
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Jsc : 21.162 na/cm2 

UOC : 8.585 vol ts  

Jpn : 28.676 na/cw2 

upn : 8.418 V O ~  ts 

Pdn : 9.892 nWcn2 

FF : 77.7 t 

E f f  : 9.09 2 

dWdJ 

C0r.C: 1.808 
euoc : 1.55 0hrr-cn2 

dJ/dU 
OJsc : 8.49 wS/cw2 
C0r.C: 8.768 

KEPCOiDARK 
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DARK XU AT 25.1 C 

19-JUL-85 14:53:40 
Opera tor: SCN 

Sample: b61RU@ 
NO A I R  
S I  H1 E R E 0  888C 
RETEST 

Pig. 4-28a and b. I-V curves before passivation. 
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ORIGIHCIL 9.9:A 
SURFIICE PIISS. 56 NJ/SOe SHOT 
NlLPO24 
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SOURCE LAWP: ELC 11) TESTER: a2 

ORIGIHCIL 9 . 9 ~ 2  
SURFACE PASS. 56 HJ/500 SHOT 
NlLPD24 

SI NGLE/POLY 

LIGHT IU A T  25C 
OPERATOR: OW 
CELL:BCIRUSP 
Datc/tlfle:25-JUL-85 

AREA: 4.00 <ss.cnj 

Pn: 6.042 ( u a t t s )  

C f f :  77.33 :: 
Ef f :  10.58 2 

13:09: 15 

c.  Light  I - V  

S 1 HGLE/POLY 

DARK IU f iT  ZSC 

Da tc~ ' t ine:  25- JUL-85 13: l e 4 4  

OPERATOR: OW 

CELL: 86 1 RWSP 

ARECI: 4.00 (sq.cn> d. Darn I-v 

Fig. 4-28c and d. I - V  curves a f t e r  passivation. 
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Table 4-23. E l e c t r i c a l  m e a s u r e m e n t s  o f  S i 0 2  p a s s i v a t e d  cel ls .  
Energy d e n s i t y  20 m J  a t  500  pulses. S u b s t r a t e s  h e a t e d  t o  90OC. 

RW #3  22.46 0.575 7 8  1 0  .1 
P a s s i v a t e d  23.84 0 -576 7 6  10 .5  

RW # 4  22.45 0.580 77 1 0 . 1  
P a s s i v a t e d  24 . l o  0 -576 7 1  9.9 

Table 4-24, D e p o s i t i o n  p a r a m e t e r s  a n d  e l e c t r i c a l  r e s u l t s  f o r  
ce l l s  p a s s i v a t e d  a t  h i g h e r  t e m p e r a t u r e s .  

Energy 
C e l l  D e n s i t y  Temp Jsc voc FF Ef f  

I D  ( m J )  P u l s e s  ('1 (mA/cm2) (VI ( % I  ( % I  

( A )  
B4 4R5 9 I #1 -- -- -- 21.73 0.587 78.8 10 .1  
S i 0 2  c o a t e d  20 1000 1 8 0  23.00 0.593 77.7 10.6 

( B )  
B44R5 9 I # 2 -- -- -- 21  . 87 0.588 78.2 10 .1  
S i 0 2  c o a t e d  50 100  180  22.61 0.590 77.8 10.4 

( C )  
B44R5 9 I #3  -- -- -- 21.73 0.589 77.6 9.9 
S i 0 2  c o a t e d  50 1 0 0  180  22.82 0.593 77.7 10.5 
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SECTION 5 .0  
DISCUSSION 

While  laser  a n n e a l i n g  i s  a t r u e  " c o l d "  p r o c e s s  t h a t  s h o u l d  n o t  
d e g r a d e  b u l k  m i n o r i t y  l i f e t i m e  and i s  c a p a b l e  of p roduc ing  h i g h  
e f f i c i e n c y  s o l a r  cel ls ,  i t  h a s  many t e c h n i c a l  d i s a d v a n t a g e s  i n  
comparison w i t h  c o n v e n t i o n a l  thermal d i f f u s i o n .  

One d i s a d v a n t a g e  i s  t h a t  t e x t u r e d  s u r f a c e s  were  f o u n d  n o t  
s u i t a b l e  f o r  t h e  l a s e r  j u n c t i o n  f o r m i n g  p r o c e s s  because o f  
d i f f i c u l t i e s  i n  c o n t r o l l i n g  t h e  d e g r e e  o f  s u r f a c e  m e l t i n g .  AR 
c o a t i n g s  m u s t  be employed  i n  p r o d u c t i o n  f o r  l i g h t  a b s o r p t i o n  
enhancement. 

A n o t h e r  p r o b l e m  i s  t h a t  t h e  p r o c e s s  i s  e x t r e m e l y  s e n s i t i v e  t o  
surface c o n d i t i o n s  because t h e  d i f f u s i o n  i n  l a s e r  a n n e a l i n g  i s  
ca r r i ed  o u t  i n  t h e  l i q u i d  s t a t e .  Any s c r a t c h e s  o r  d e f e c t s  on t h e  
s u r f a c e  a r e  m o d i f i e d  d u r i n g  t h e  r e c r y s t a l l i z a t i o n .  S u r f a c e  
d e f e c t s / c o n t a m i n a t i o n  i n c r e a s e  t h e  s u r f a c e / b u l k  r e c o m b i n a t i o n  
r a t e  which i n  t u r n  decreases Voc. 

I on  i m p l a n t a t i o n  i s  a w e l l - d e v e l o p e d  t e c h n o l o g y  f o r  i n t e g r a t e d  
c i r c u i t  p r o c e s s i n g ,  a n d  i s  e s p e c i a l l y  u s e f u l  f o r  f a b r i c a t i n g  
d e e p l y  b u r i e d  j u n c t i o n s .  However, i n  t h e  f a b r i c a t i o n  o f  s o l a r  
ce l l s ,  t h e  imp lan ted  l a y e r  m u s t  be sha l low w i t h  s u f f i c i e n t l y  h i g h  
s u r f a c e  c o n c e n t r a t i o n .  So la r  c e l l  j u n c t i o n  f o r m a t i o n  r e q u i r e s  
low k e V  (13 k e V )  w i t h  h i g h  i o n  f l u e n c e ,  w h i l e  5 k e V  i s  t h e  l o w e s t  
a v a i l a b l e  through commercial  s e r v i c e s  o r  equipment.  Even a t  such  
low k i n e t i c  ene rgy  i m p l a n t a t i o n ,  deep  l a t t i c e  damage u n r e m o v a b l e  
by 1 . 5  J / c m 2  l a s e r  e n e r g y  d e n s i t y  h a s  been demons t r a t ed  i n  t h i s  
phase  of t h e  p r o j e c t .  I n c r e a s i n g  t h e  l a s e r  e n e r g y  d e n s i t y  f o r  
deeper m e l t i n g  m i g h t  remove deep  d e p o s i t i o n  damage d e f e c t s ,  b u t  
heavy s u r f a c e  damage a l s o  t a k e s  place. 

M e t a l l i z a t i o n  by d i s s o c i a t i n g ' m e t a l l i c  g a s  w i t h  t h e  excimer l aser  
was i n t e n d e d  t o  p r o v i d e  s h a r p ,  w e l l - d e f i n e d  metal  g r i d l i n e s  f o r  
e f f i c i e n t  c u r r e n t  c o l l e c t i o n .  P r o b l e m s  encoun te red :  p u r i t y  of 
d e p o s i t e d  metal, a d h e s i o n ,  and t h e  i m p r a c t i c a l l y  s l o w  d e p o s i t i o n  
ra te .  

S u r f a c e  p a s s i v a t i o n  by LCVD o f  S i 0 2  h a s  n o t  shown e f f e c t i v e  
r e s u l t s  i n  e l e c t r i c a l l y  p a s s i v a t i n g  t h e  s u r f a c e  s t a t e s ;  h o w e v e r ,  
a d h e s i o n  i s  exce l len t .  

The i n d i v i d u a l  t o p i c s  a r e  d i s c u s s e d  below i n  more d e t a i l .  

5.1 JUNCTIO" 

Through  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d ,  i t  h a s  been p roven  
t h a t  l aser  a n n e a l i n g  on Cz s i l i c o n  c a n  p r o d u c e  h i g h  e f f i c i e n c y  
s o l a r  c e l l s  c o m p a r a b l e  t o  c o m m e r c i a l l y  a v a i l a b l e  s p a c e  c e l l s  
(F ig .  5 - l a ,  b,  c, and d ) .  The c o n c e p t  o f  s t eepe r  a n d  s h a l l o w e r  
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j u n c t i o n s  o b t a i n a b l e  i n  l a s e r  a n n e a l e d  c e l l s  t h a n  t h e r m a l l y  
d i f f u s e d  c e l l s  h a s  a l s o  b e e n  d e m o n s t r a t e d  by c o m p a r i n g  t h e  
quantum e f f i c i e n c y  of t h e  two.  T h e  b e t t e r  r e d  r e s p o n s e  i n  t h e  
l a t t e r  i s  due t o  h i g h e r  b a s e  r e s i s t i v i t y  w i t h  t h e  p r e s e n c e  of a 
back  s u r f a c e  f i e l d  (BSF) w h i l e  t h e  former  i s  a p l a n a r  n+p d e v i c e  
w i t h  l o w e r  b a s e  r e s i s t i v i t y .  Higher  VQc shou ld  be o b t a i n a b l e  if 
t h e  l a s e r  were  more  u n i f o r m  a n d  r e q u l r e d  no  k a l e i d o s c o p e  f o r  
s h a p i n g  t h e  beam s p o t  wh ich  i s  b e l i e v e d  t o  cause  edge  damage. 
However, it was a l s o  f o u n d  t h a t  l a s e r  a n n e a l i n g  i s  n o t  y e t  a n  
economic  p r o c e s s  f o r  l a r g e  volume c e l l  f a b r i c a t i o n .  The t i g h t  
requi rement  of f l a w l e s s  c h e m i c a l - m e c h a n i c a l l y  p o l i s h e d  s u r f a c e s  
i n s t e a d  o f  t e x t u r e d  s u r f a c e s ,  i o n  i m p l a n t  a s  t h e  s o l e  d o p i n g  
p r o c e s s ,  t o g e t h e r  w i t h  t h e  a d d i t i o n a l  AR c o a t i n g  r e q u i r e d ,  
e l e v a t e s  t h e  c o s t  f a r  a b o v e  t h e  p r e s e n t  t h e r m a l  d i f f u s i o n  
p r o c e s s .  The u s e  o f  p r o d u c t i o n  g r a d e  Cz m a t e r i a l  f o r  t h e  
f a b r i c a t i o n  of h igh  q u a l i t y  c e l l s  h a s  been shown. 

5.2 

D e s p i t e  t h e  e x t e n s i v e  r e s e a r c h  which h a s  been car r ied  o u t  d u r i n g  
t h e  p a s t  f i v e  y e a r s  on t h e  u s e  of UV l a s e r s  f o r  p h o t o d e p o s i t i o n  
o f  t h i n  m e t a l  f i l m  h a v i n g  h i g h  s p a t i a l  r e s o l u t i o n ,  s u c h  a 
t e c h n i q u e  h a s  n e v e r  b e e n  a p p l i e d  t o  s o l a r  c e l l  f a b r i c a t i o n  i n  
g r i d l i n e  d e p o s i t i o n .  I n  t h i s  program w e  t r i e d  t o  d e p o s i t  metal 
g r i d l i n e s  by g a s  p h a s e  p h o t o d e p o s i t i o n  o f  a l k y l  a n d  f l u o r i d e  
meta l .  The f i r s t  t e c h n i c a l  d i f f i c u l t y  e n c o u n t e r e d  was t o  o b t a i n  
p u r e  metal. I n s t e a d ,  o n l y  m e t a l l i c  o x i d e  was o b t a i n e d .  S u c h  
m e t a l l i c  o x i d e  d i d  n o t  a d h e r e  t o  t h e  s u r f a c e ,  and was a l s o  poor  
i n  c o n d u c t i v i t y .  Above a l l ,  t h e  d e p o s i t i o n  r a t e ,  w h e t h e r  o f  
o x i d e  o r  p u r e  m e t a l ,  was f o u n d  f a r  t o o  slow a p r o c e s s .  I n  ou r  
e x p e r i m e n t ,  t h e  maximum r a t e  o b t a i n e d  was a b o u t  600°A p e r  minu te  
(500 pu lses  a t  5 Hz).  

S p a t i a l  r e s o l u t i o n  i s  a n o t h e r  p r o b l e m .  As s o o n  a s  t h e  l a s e r  
e n t e r s  t h e  g a s  c e l l ,  a n d  p h o t o d e p o s i t i o n  o f  t h e  meta l  g a s  i s  
i n i t i a t e d ,  f l a k e s  of m e t a l  ( o r  meta l  o x i d e )  s t a r t  t o  f a l l  o n t o  
t h e  s i l i c o n  s u r f a c e  a t  a s o l i d  a n g l e  o f  t h e  i n c i d e n t  beam. The 
l i n e  wid th  becomes d i f f u s e d  a n  o r d e r  of magni tude l a r g e r  t h a n  t h e  
beam s i z e .  The more e f f e c t i v e  method f o r  m e t a l l i z a t i o n  c o u l d  be  
t h e  LCVD t e c h n i q u e ,  i n  wh ich  a l o n g e r  wavelength  l aser  i s  used 
s u c h  a s  a r g o n  o r  C02 t h a t  i s  less  a b s o r p t i v e  t o  t h e  metal gas .6  
Chemical vapor d e p o s i t i o n  (CVD) s t a r t s  p r i m a r i l y  a t  t h e  s i l i c o n  
s u r f a c e  w h i c h  i s  h e a t e d  by t h e  l aser .  Thus t h e  l i n e  d e f i n i t i o n  
is  much sha rpe r  and would have  no metal l ic  f l a k e s  d e p o s i t e d .  

5.3 SUM ACE PASSIV ATION - LCVD Si09 

B e f o r e  t h e  e x p e r i m e n t a l  work was i n i t i a t e d ,  major c o n c e r n s  a b o u t  
LCVD S i 0 2  d e p o s i t i o n  were adhes ion ,  d e p o s i t i o n  r a t e ,  and e f f e c t  
i n  p a s s i v a t i n g  t h e  s u r f a c e  s t a t e s  t o  improve VoF. I n  t h e  l i m i t e d  
e x p e r i m e n t s  c o n d u c t e d ,  i t  was f o u n d  t h a t  S i 0 2  d e p o s i t e d  h a d  
e x c e l l e n t  adhes ion .  The d e p o s i t i o n  r a t e  was a c c e p t a b l e .  
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a. Light I -V of Cz ce l l .  

b. Quantum efficiency of Cz c e l l .  

Pig. 5-1. Best efficiency of laser  annealed c e l l  
and comparison w i t h  space c e l l .  
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d. Quantum efficiency of commercial space c e l l .  

Fig. 5-1. Best efficiency of laser  annealed c e l l  
and comparison w i t h  space cel l  
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T h e  f i l m  was a l s o  p u r e l y  composed of S i 0 2  w i t h  o n l y  5% detectable 
n i t r i d e .  P r o c e s s e d  c e l l s ,  however ,  d i d  n o t  show p a s s i v a t i o n  
e f fec ts .  D a r k  Jo was n o t  changed,  a t  l eas t  i n  these expe r imen t s .  
T h e  i m p r o v e d  J sc  i s  due t o  t h e  AR e f f e c t  o f  S i 0 2 .  The m a i n  
r e a s o n  f o r  i n e f f e c t i v e  p a s s i v a t i o n  c o u l d  b e  t h e  l a c k  o f  
s u f f i c i e n t  a c t i v a t i o n  ene rgy  t o  d e a c t i v a t e  t h e  s u r f a c e  s t a t e s  by 
p h y s i c a l l y  s h a r i n g  t h e  loose bonds on t h e  surface.  T h i s  cou ld  be  
i n v e s t i g a t e d  by v a r y i n g  t h e  l a s e r  e n e r g y  d e n s i t y  i n c o r p o r a t i o n  
w i t h  s u b s t r a t e  t e m p e r a t u r e  o r  p o s t  d e p o s i t i o n  low t e m p e r a t u r e  
a n n e a l i n g  f o r  s t ress  r e l i e f .  

5-5 



SECTION 6 . 0  
ECONOMIC ANALYSIS 

The i n t e n t i o n  of  t h i s  p r o j e c t  was t o  a d a p t  p u l s e d  e x c i m e r  l a s e r  
p r o c e s s i n g  t e c h n o l o g y  t o  f a b r i c a t e  c o s t - e f f e c t i v e  s o l a r  c e l l s .  
The u n d e r l y i n g  a s s u m p t i o n s  i n  c a r r y i n g  o u t  t h e  p r o j e c t  were a s  
f o l l o w s :  t h a t  exc imer  l a s e r  p r o c e s s i n g  s t e p s  i n  j u n c t i o n  
f o r m a t i o n ,  m e t a l l i z a t i o n ,  and surface p a s s i v a t i o n  c o u l d  p r o v i d e  a 
c e l l  p e r f o r m a n c e  b e n e f i t  o v e r  more  t r a d i t i o n a l  p r o c e s s e s ;  t h a t  
t h e  r a t e s  of c a r r y i n g  o u t  t h e  p r o c e s s e s  would be c o n s i s t e n t  w i t h  
s c a l i n g  t h e  p r o c e s s e s  u p  t o  f a c t o r y  l e v e l s ;  t h a t  i n c r e a s e d  
equipment  and  mater ia l  c o s t s  wou ld  be compensated f o r  by i n c r e a s e  
i n  c e l l  p e r f o r m a n c e ;  a n d  t h a t  c o m m e r c i a l l y  a v a i l a b l e  equipment  
wou ld  b e  a v a i l a b l e  t o  c a r r y  o u t  t h e  d e v e l o p m e n t  w o r k  i n  t h e  
p r o j e c t .  B a s e d  o n  t h e  r e a l i z a t i o n  o f  t h e s e  a s s u m p t i o n s ,  a n  
economic a n a l y s i s  would t h e n  show t h e  a d v a n t a g e  o f  i m p l e m e n t i n g  
t h e  proposed  p r o c e s s e s .  

Under  t h e  a b o v e  a s s u m p t i o n s ,  t h e n ,  a p r o c e s s i n g  s e q u e n c e  was 
p r o p o s e d  based on  t h e  u s e  of  C z o c h r a l s k i - g r o w n  m a t e r i a l  o f  
a p p r o p r i a t e  r e s i s t i v i t y  t h a t  wou ld  d e m o n s t r a t e  t h e  p r o j e c t  
o b j e c t i v e .  T h i s  p r o c e s s  s e q u e n c e  i s  shown i n  F i g .  6 - 1 .  I t  
i n c o r p o r a t e s  t h e  use of a n  e x c i m e r  l a s e r  t o  f o r m  and  a n n e a l  a 
j u n c t i o n  l a t e n t l y  d e p o s i t e d  u s i n g  i o n  i m p l a n t a t i o n  t e c h n o l o g y .  
T h i s  p r o c e s s  s t e p  was t o  be f o l l o w e d  by a LCVD,  h i g h  d e n s i t y  
f i n e - l i n e  m e t a l l i z a t i o n  s t e p  t o  c a p i t a l i z e  o n  t h e  s h a l l o w  
j u n c t i o n  f o r m e d .  The LCVD s t e p  was p r o p o s e d  t o  be c a r r i e d  o u t  
u s i n g  a n  UV e x c i m e r  l a s e r  t o  cause  p h o t o - d e c o m p o s i t i o n  o f  a 
m e t a l l o - o r g a n i c  g a s .  F i n a l l y  a p a s s i v a t i o n  l a y e r  o f  S i l i c o n  
d i o x i d e  on t h e  s u r f a c e  was t o  b e  f a b r i c a t e d  u s i n g  l a s e r  a s s i s t e d  
photo-decomposi t ion of  s i l a n e  and n i t r o u s  o x i d e .  

The  r e s u l t s  o f  t h e  work c o n d u c t e d  i n  t h i s  p r o j e c t  w h i c h  a r e  
r e l a t i v e  t o  t h e  c o s t - e f f e c t i v e n e s s  g o a l s  a r e  a s  f o l l o w s :  

- Excimer  l a s e r  j u n c t i o n  f o r m a t i o n  o n  C z o c h r a l s k i  s i l i c o n  
y i e l d s  ce l l s  which a r e  a s  good a s  t h e  bes t  ce l l s  made u s i n g  
d i f f u s i o n  f u r n a c e  p r o c e s s i n g  and h i g h  q u a l i t y  e v a p o r a t e d ,  
f i n e - l i n e  e v a p o r a t e d  c o n t a c t s ,  b u t  a p p a r e n t l y  no bet ter .  

- T h e  i o n  i m p l a n t  p r o c e s s  r e q u i r e d  f o r  t h e  b e s t  l a y e r  
a n n e a l e d  c e l l s  r e q u i r e s  f l u e n c e s  o f  3 .0x1015/cm2 w i t h  
commerc ia l ly  a v a i l a b l e  machines t o  c a r r y  o u t  t h i s  t y p e  o f  
i m p l a n t a t i o n .  F u t u r e  work i n  t h e  semiconductor  f i e l d  seems 
t o  r e q u i r e  h i g h e r  e n e r g i e s  r a t h e r  t h a n  lower  e n e r g i e s .  

- T h e  d e g r e e  o f  s u r f a c e  c l e a n l i n e s s  a n d  l a c k  o f  damage 
r e q u i r e d  f o r  w a f e r s  be fo re  l aser  a n n e a l i n g  i s  s u b s t a n t i a l l y  
h i g h e r  t h a n  t h a t  r e q u i r e d  f o r  t h e r m a l  d i f f u s i o n  p r o c e s s i n g .  
Thus, c o s t l y  s u r f a c e  p r e p a r a t i o n  s t e p s  a r e  r e q u i r e d  a f t e r  
i m p l a n t a t i o n  i n  o r d e r  t o  o b t a i n  r e s u l t s  comparable  t o  t h o s e  
o b t a i n e d  w i t h  thermal  d i f f u s i o n .  
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- No p r a c t i c a l ,  l o w  c o s t  p r o c e s s e s  f o r  d e p o s i t i o n  o f  
f i n e - l i n e  c o l l e c t i o n  g r i d s  a re  a v a i l a b l e ,  i n c l u d i n g  t h o s e  
b a s e d  on excimer l aser  technology.  I n  o r d e r  t o  make  u s e  of 
t h e  s h a l l o w  j u n c t i o n  f a b r i c a t e d  i n  t h e  e x c i m e r  l a s e r  
a n n e a l i n g  p r o c e s s ,  a h i g h  d e n s i t y ,  ( > 2 5  l i n e s / i n c h ) ,  g r i d  
i s  r e q u i r e d .  The low r a t e s  o f  d e p o s i t i o n  f o r  LCVD l i n e s  
p r e c l u d e  t h e i r  u s e  i n  l a r g e  area a p p l i c a t i o n s .  

- No s u r f a c e  p a s s i v a t i o n  e f f e c t s  were o b s e r v e d  u s i n g  LCVD 
s i l i c a  d e p o s i t i o n  t e c h n i q u e s ,  w h i c h  p r e c l u d e s  t h e  u s e  o f  
t h i s  p r o c e s s  i n  s o l a r  ce l l  manufac ture .  

Based on t h e s e  c o n s i d e r a t i o n s ,  it is  c l e a r  t h a t  t h e  a s s u m p t i o n s  
u n d e r l y i n g  t h e  g o a l  of  a d a p t i n g  excimer laser  p r o c e s s i n g  t o  t h e  
f a b r i c a t i o n  o f  c o s t - e f f e c t i v e  s o l a r  c e l l s  a r e  n o t  met i n  
p r a c t i c e  . 
I t  h a s  b e e n  c o n s i d e r e d  u s e f u l  t o  c a r r y  o u t  a n  a n a l y s i s  of t h e  
comparison o f  t h e  j u n c t i o n  f o r m a t i o n  s t e p  b e t w e e n  t h e  t h e r m a l  
d i f f u s i o n  p r o c e s s  a n d  t h e  i o n  i m p l a n t / e x c i m e r  l a s e r  a n n e a l i n g  
p r o c e s s .  The J P L  developed  I P E G  a n a l y s i s  t o o l  h a s  been used h e r e  
t o  c a r r y  o u t  t h i s  c o m p a r i s o n .  The  p r o c e s s  s t e p s  f o r  t h e  
comparison methods a r e  shown i n  F i g .  6-2. 

Thermal Diffusion 
Junction Process 

Base1 ine  

Excimer Laser 
Junction Process 

POC13 D i f f u s e  
Plasma Etch 

Ion  Implant  
H202: H2S04 E t c h  
Lase r  Anneal 
1 O : l  C lean  

F i g .  6-2. Comparison of j u n c t i o n  f o r m a t i o n  p r o c e s s e s :  
t he rma l  d i f f u s i o n  v s  
i o n  implant/excirner l a s e r  a n n e a l i n g .  

Tab le s  6-1 and 6-2 show a summary of t h e  IPEG c o s t  comparison f o r  
t h e  two p r o c e s s e s  based on  da t a  d i s c u s s e d  be low.  The b a s e l i n e  
p r o c e s s  i s  assumed t o  y i e l d  a n  a v e r a g e  of 1 3 %  cel ls ,  w h i l e  t h e  
e x c i m e r  l a s e r  j u n c t i o n  f o r m a t i o n  p r o c e s s  i s  assumed t o  y i e l d  
C e l l s  a t  1 7 % .  T h i s  e f f i c i e n c y  assumpt ion  i s  based on t h e  u s e  of 
f i n e - l i n e  m e t a l l i z a t i o n  and s u r f a c e  p a s s i v a t i o n  p r o c e s s e s ,  w h i c h  
a r e  n o t  e x p e c t e d  t o  be  a v a i l a b l e  i n  a n  e c o n o m i c  f o r m  i n  t h e  
f o r e s e e a b l e  f u t u r e .  The d i f f e r e n c e  i n  t h e  c o s t  of t h e s e  t w o  
p r o c e s s e s  i s ,  t h e n ,  u n f a v o r a b l e  on t h e  o r d e r  o f  $0 .16/wat t  a s  
e v a l u a t e d  by t h e  I P E G  a n a l y s i s  method. 
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Table 6-1. B a s e l i n e  Thermal  D i f f u s i o n  IPEG Cost Summary. 

Table 6-2. E x c i m e r  Laser A n n e a l i n g  IPEG Cost Summary. 
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DISCUSSION OF C- 

EG A n w s  of co- 

a. G e n e r a l  

Each IPEG c o s t  e lement  i s  d i s c u s s e d  below on a process-by-process  
b a s i s .  T h e  f o l l o w i n g  a s s u m p t i o n s ,  c o n s i s t e n t  w i t h  IPEG 
p r o c e d u r e s ,  were used throughout  t h e  a n a l y s i s :  

1. E q u i p m e n t  C a p i t a l  C o s t s  (-1 i n c l u d e  i n s t a l l a t i o n  and  f i r s t  
y e a r ' s  m a j o r  component s p a r e s ,  reduced by s a l v a g e  and removal 
va lue .  

2 .  E q u i p m e n t  h a s  a 7 y e a r  l i f e  a n d  u s e s  s t r a i g h t - l i n e  

3. F a c i l i t y  Area (FT21 i n c l u d e s  e q u i p m e n t  f o o t p r i n t  a r ea  a n d  

d e p r e c i a t i o n .  

r e q u i r e d  working space f o r  normal o p e r a t i o n .  

4 .  D i r e c t  L a b o r  (DLAB) i n c l u d e s ,  a s  a p p l i c a b l e ,  f a c t o r y  
m a n u f a c t u r i n g  a n d  m a i n t e n a n c e  p e r s o n n e l  a t  t h e  f o l l o w i n g  
h o u r l y  d i r e c t  ra tes  ( exc lud ing  f r i n g e s )  : 

Techn ic i an /Opera to r  - $ 6 

S e n i o r  P rocesso r  - $ 8  

Maintenance - $10 

P r o c e s s  Engineer  - $12 

5. Direct  Material C o s t s  (-1 a re  based  on b e s t  estimates from 
a c t u a l  l a s e r  o p e r a t i n g  e x p e r i e n c e  a n d  i n c l u d e  s c h e d u l e d  
main tenance  m a t e r i a l s .  

6. U t i l i t y  Cos t  (-1 i s  based on $.075/kWh rate.  KWh demand i s  
c a l c u l a t e d  o n  b a s i s  o f  o p e r a t i o n  f o r  e s t i m a t e d  e q u i p m e n t  
a v a i l a b i l i t y  f a c t o r  o f  0.85. 

7 .  The f a c t o r y  i s  s i z e d  f o r  5 megawatts. 

8 .  The f o l l o w i n g  v a l u e s  were used f o r  t h e  IPEG c o e f f i c i e n t s :  

C1 = 0.59 f o r  annua l  equipment c o s t  (EQPT) 

C2 = 1.36 f o r  annual  f a c t o r y  a r e a  c o s t  (FT2) 

C3 = 2.02 f o r  annua l  d i r e c t  l a b o r  c o s t  (DLAE3) 

C 4  = 1.17 f o r  annua l  m a t e r i a l  c o s t  (MATS) 

C5 = 1.17 f o r  annua l  u t i l i t i e s  c o s t  ( U T I L I ,  
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t o  be used  i n  t h e  f i n a l  c o s t  e q u a t i o n :  

F i n a l  C o s t  = C ~ ~ E Q P T + C ~ X F T ~ + C ~ X D L A B + C ~ ~ M A T S + C ~ X U T I L  

Annual Q u a n t i t y  

T h i s  f i n a l  cos t  appl ies  f o r  compar ison  of a process o r  p r o c e s s  
g r o u p  a l t e r n a t i v e s .  The c o e f f i c i e n t s  a r e  b a s e d  o n  v a l u e s  
found  i n  p r e v i o u s  JPL work.7 

b. Laser Annealing 

1. ,EOPr - P r o c e s s  r a t e s  r e q u i r e  s i x  o p e r a t i n g  X e C l  l a se r s  w i t h  
o n e  a d d i t i o n a l  s p a r e  u n i t  i n  r e t r o f i t .  The f a c i l i t y  w i l l  b e  
s p l i t  i n t o  t h r e e  o p e r a t i n g  g r o u p s ,  e a c h  w i t h  a d e d i c a t e d  
m i c r o p r o c e s s o r .  C o n t r o l l i n g  l a se r  o p e r a t i n g  parameters a n d  a 
wafer  p o s i t i o n i n g  N / C  t a b l e  w h i c h  p r o v i d e s  a c c u r a t e  p u l s e  
p a t t e r n  o v e r l a p .  A s i n g l e  exc imer  g a s  r e p r o c e s s o r  w i l l  s e r v e  
a l l  t h r e e  g r o u p s  f r o m  a common g a s  b o t t l e  b a y .  W a f e r  
t r a n s p o r t a t i o n  i s  assumed t o  be  cassette-to-cassette. 

7 EXC-2 X e C l  l a s e r s  @ $25,000 $ 175,000 

6 p r e c i s i o n  N/C t a b l e s  @ $10,000 60 ,000  

3 m i c r o p r o c e s s o r s  @ $3,000 9,000 

1 g a s  r e p r o c e s s o r  @ $ 1 0 , 0 0 0  1 0 , 0 0 0  

2,000 1 K - b o t t l e / m a n i f o l d  bank @ $2,000 

3 wafer  t r a n s p o r t  s y s t e m s  @ $2,000 15 ,000  

I n s t a l l a t i o n  - 2 man-months 8 ,160  

Less s a l v a g e  @ 1 , 0 0 O / l a s e r  (7 ,000)  

EQPT TOTAL = $ 272,160 

2.  FT2 - Approximate area f o r  t h r e e  s i d e - b y - s i d e  pa i r s  o f  l a se r s ,  
and above  equipment  is: 

FT2 t o t a l  = 1 8 1 x 3 0 1  = 540 FT2 

3 .  I)LAB - The l a s e r  a n n e a l  f a c i l i t y  is o p e r a t e d  on  two s h i f t s  by 
two t e c h n i c i a n s .  A l l  s c h e d u l e d / r o u t i n e  m a i n t e n a n c e  i s  
p e r f o r m e d  b y  s k i l l e d  e l e c t r o - m e c h a n i c a l  m a i n t e n a n c e  
t e c h n i c i a n s :  

O p e r a t i o n ,  $8,32O/yr @ $6 = $ 49,920 

Maintenance,  $1,82O/yr @ $10 = 18 ,200  

DLAB TOTAL = $ 68,120 
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4. MATLS - P r i n c i p a l  d i r e c t  c o s t s  a r e  t h e  r e p l a c e m e n t  p a r t s  f o r  
t h e  l a s e r  s y s t e m s .  Gas c o n s u m p t i o n  a s s u m e s  t h a t  t h e  g a s  
r e p r o c e s s o r  c a n  a c h i e v e  a 2 0 : l  e x t e n s i o n  o f  g a s  l i f e  o v e r  
c u r r e n t  a r t :  

o Gas consumpt ion ,  a n n u a l  $ 5 20 

o T h y r a t r o n  r e p l a c e m e n t  @ 6 week  
i n t e r v a l s :  7 l a s e r s  x 8.7/yr @ $2,200 135,198 

o Weekly par t  r e f u r b i s h  3/month cos t  
o f  $ 4 1 7 / l a s e r  ( 6 )  

o P a r t  r e p l a c e m e n t  month ly  
@ c o s t  of  $1 ,25O/ la se r  

90,090 

105,000 

MATLS TOTAL = $330,808 

5. UTIL - E s t i m a t e d  e l e c t r i c  demand f o r  t h e  l a se r  a n n e a l  f a c i l i t y  
i n c l u d e s  c e l l  t r a n s p o r t  a n d  l o c a t i o n  a t  1 kW; c o n t r o l  
e l e c t r o n i c s  a t  .2 kW;and t h e  l a r g e s t  u se r  t h y r a t r o n  h e a t e r s  
f o r  e a c h  laser  a t  1 .5  kW: 

Annual kWh $ 35,986 

Rate x -075  

UTIL TOTAL = $ 2,700 

a. Equipment Costs 

The  i n i t i a l  cos t  o f  p r e s e n t  commercial  exc imer  l a s e r s  r a n g e s  from 
$10-15K f o r  lower power d e v i c e s  (<1 w a t t )  t o  $40-50K f o r  t h e  
h i g h e s t  power d e v i c e s  (20-30 w a t t s ) .  The h i g h e r  power d e v i c e s  
t h a t  a r e  a n t i c i p a t e d  (50 -100  w a t t s )  w i l l  r a n g e  i n  c o s t  f r o m  
$100-200K o r  e v e n  h i g h e r .  T h u s  t h e  n o r m a l i z e d  cos t  of  near-term 
excimer l a s e r  e q u i p m e n t  i s  a p p r o x i m a t e l y  $ 2 , 5 0 O / w a t t  o f  l a s e r  
o u t p u t  i n  t h e  1 0  t o  1 0 0  wat t  r a n g e .  The w a v e l e n g t h s  a v a i l a b l e  
a r e  1 9 3 ,  2 4 8 ,  3 0 8 ,  a n d  3 5 1  nm. F o r  p u r p o s e s  o f  t h i s  c o s t  
a n a l y s i s ,  a n  equ ipmen t  cost  of $25,000 f o r  an  X e C l  c o n f i g u r a t i o n  
is assumed. 

b. Laser Operating Costs 

T h e r e  a r e  t h r e e  p r i n c i p a l  c o s t  elements a s s o c i a t e d  w i t h  excimer 
l a s e r s :  t h e  c o n s u m p t i o n  of e x c i m e r  l a s e r  g a s ,  t h e  u s e  o f  
e l e c t r i c i t y  a n d  o t h e r  u t i l i t i e s ,  a n d  s c h e d u l e d  m a i n t e n a n c e  t o  
replace o r  repair  s h o r t  l i f e t i m e  componen t s .  T y p i c a l  c o s t s  per 
w a t t - h o u r  of  excimer l a se r  o u t p u t  a r e  $0.05 ( A r F  o r  XeC1) t o  $5.0 
(KrF) f o r  l a se r  g a s ,  $0.02 t o  $0.05 f o r  e l e c t r i c i t y ,  a n d  $0 .2  t o  
$ 2  -0 f o r  s c h e d u l e d  main tenance .  Reduc t ion  of  g a s  consumpt ion  and  
m a i n t e n a n c e  c o s t s  i s  o n e  o f  t h e  c r i t i c a l  d e v e l o p m e n t  s t e p s  
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r e q u i r e d  f o r  t h e  s u c c e s s f u l  a p p l i c a t i o n  o f  e x c i m e r  l a s e r  
t echno logy  t o  s o l a r  c e l l  f a b r i c a t i o n .  

Recent  promising developments  i n  t h e  U n i t e d  Kingdom i n  t h e  a r e a  
of excimer gas  o n - l i n e  r e p r o c e s s i n g  have  demons t r a t ed  s i g n i f i c a n t  
r e d u c t i o n s  i n  g a s  r ep len i shmen t  f r e q u e n c y ,  e s p e c i a l l y  f o r  ArF. A 
r e d u c t i o n  of 20:l i n  g a s  c o n s u m p t i o n  i s  a s s u m e d  i n  t h i s  c o s t  
e s t i m a t e  . 
I n  t h e  a r e a  of m a i n t e n a n c e ,  t h e  p r i n c i p a l  d r i v i n g  c o s t s  i n v o l v e  
f r e q u e n t  r e fu rb i shmen t  and rep lacement  of i n t e r n a l  p a r t s  a f f ec t ed  
by  t h e  exc imer  g a s  a n d  t h e  h i g h  s w i t c h i n g  p u l s e  l o a d s  o n  t h e  
t h y r a t r o n .  I n  p a r t i c u l a r ?  e f f i c i e n t  l a s e r  o p e r a t i o n  r e q u i r e s  
comple t e  teardown of t h e  l aser  o p t i c a l  sys tem abou t  e v e r y  1 x 108 
s h o t s .  T h i s  i s  a p p r o x i m a t e l y  o n c e  a w e e k  f o r  t h e  a p p l i c a t i o n  
discussed here .  

D u r i n g  t h e  m a i n t e n a n c e ,  wh ich  r e q u i r e s  a b o u t  f o u r  h o u r s ,  t h e  
e l e c t r o d e s  a r e  r e f u r b i s h e d ,  a new c a t h o d e  s c r e e n  i s  i n s t a l l e d ,  
t h e  a n o d e  s u r f a c e  i s  r e f i n i s h e d  ( b u f f e d ) ?  a n d  a l l  u n c o a t e d  
i n t e r n a l  o p t i c a l  s u r f a c e  f l a t s  a r e  r e g r o u n d  a n d  p o l i s h e d .  
A p p r o x i m a t e l y  e v e r y  4 t h  w e e k l y  m a i n t e n a n c e ,  m o s t  o f  t h e  above 
d e s c r i b e d  components a r e  replaced. An a d d i t i o n a l  s i x  h o u r s  a r e  
r e q u i r e d  e v e r y  s i x  w e e k s  (1 x 109-10 s h o t s )  t o  d i s a s s e m b l e  and 
r e p l a c e  t h e  t h y r a t r o n ,  which c o s t s  $ 2 , 2 0 0 .  A s  a r e s u l t  o f  t h i s  
v e r y  h i g h  ma in tenance  l e v e l ,  t h e  d i r e c t  material  c o s t s  r e f l e c t e d  
i n  t h e  summary t a b l e s  a re  h i g h e r  t h a n  d e s i r a b l e .  A s  e x p e r i e n c e  
i s  g a i n e d  i n  u s i n g  t h e s e  l a s e r s  i n  h i g h  p r o d u c t i o n  mode 
a p p l i c a t i o n s ,  o p e r a t i n g  a n d  m a i n t e n a n c e  s t r a t e g i e s  c a n  b e  
e x p e c t e d  t o  evolve  t h a t  w i l l  reduce t h e s e  c o s t s .  
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SECTION 7.0 
CONCLUSIONS 

S o l a r  c e l l  f a b r i c a t i o n  by u t i l i z a t i o n  o f  a n  excimer l a s e r  i n  
j u n c t i o n  f o r m a t i o n ,  f i n e  g r i d l i n e  m e t a l l i z a t i o n ,  and  s u r f a c e  
p a s s i v a t i o n  h a s  been i n v e s t i g a t e d .  J u n c t i o n  f o r m a t i o n  by l a s e r  
a n n e a l i n g  showed a s  good ,  i f  n o t  b e t t e r ,  quantum e f f i c i e n c y  on  
t h e  a v e r a g e  a s  t h e r m a l l y  d i f f u s e d  c e l l s  because o f  t h e  s h a l l o w  
and  s h a r p  g r a d i e n t  i n  t h e  d o p a n t  p r o f i l e .  The bes t  e f f i c i e n c y  
o b t a i n e d  was a b o u t  1 6 %  a t  AM1.5. A h i g h e r  e f f i c i e n c y  may b e  
o b t a i n a b l e  f r o m  a m o r e  u n i f o r m  l a s e r  t h a t  r e q u i r e s  n o  
homogeniza t ion  p l a t e .  The  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  u s i n g  
Cz material  a r e  comparable  t o  t h o s e  o b t a i n e d  i n  t h e  s t u d i e s  u s i n g  
FZ mater ia l .  Also shown was t h a t  homogeneous  beams w i t h  s m a l l  
s p o t  s i z e  g i v e  comparable  r e su l t s  w i t h  l a r g e  beam s i z e s .  Surface 
p a s s i v a t i o n  by laser  ass i s ted  s i l i c o n  o x i d e  d e p o s i t i o n  h a s  y e t  t o  
be  s h o w n  t o  b e  e f f e c t i v e .  However, b o t h  p r o c e s s e s  o f  o x i d e  
d e p o s i t i o n  a n d  j u n c t i o n  f o r m a t i o n  by e x c i m e r  l a s e r  h a v e  t h e  
p o t e n t i a l  t o  be a p p l i e d  i n  i n t e g r a t e d  c i r c u i t  f a b r i c a t i o n  o f  
s h a l l o w  j u n c t i o n  d e v i c e s .  They can  p r o v i d e  a t r u l y  c o l d  p r o c e s s  
i n  j u n c t i o n  d i f f u s i o n  a n d  p r e s e r v e  t h e  b u l k  m i n o r i t y  c a r r i e r  
l i fe t ime.  J u n c t i o n  dep th  and ox ide  t h i c k n e s s  can  be s p e c i f i c a l l y  
t a i l o r e d  by v a r y i n g  t h e  l aser  energy d e n s i t y .  

Because o f  e x c e l l e n t  s p a t i a l  r e s o l u t i o n  o f  t h e  l a s e r  I b o t h  
d i f f u s i o n  and o x i d e  d e p o s i t i o n  can be s e l e c t i v e l y  accompl ished  i n  
area,  a n  asset t h a t  t he rma l  d i f f u s i o n  l acks .  

F i n e  g r i d l i n e  metal  d e p o s i t i o n  by excimer l a s e r ,  on  t h e  o t h e r  
hand, i s  found n o t  t o  be f e a s i b l e  y e t  f o r  s o l a r  ce l l  p r o d u c t i o n .  

The f i n a l  r e c o m m e n d a t i o n  based o n  t h e  r e s u l t s  of  t h i s  s t u d y  is 
t h a t  l a se r  ass i s ted  ce l l  p r o c e s s i n g  requires more r e s e a r c h  b e f o r e  
it can  be implemented i n  low c o s t  s o l a r  c e l l  p r o d u c t i o n .  
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